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ABSTRACT 
 
Cell migration is required for re-epithelisation following wounding.  Vesicle 
trafficking is widely implicated in regulation of cell migration.  The scratch wound 
healing assay was utilised throughout this study to determine mechanistic 
linkages between endocytosis and migration in the Madin-Darby Canine Kidney 
(MDCK) epithelial cell line.   
 
Time-lapse epifluorescence imaging studies demonstrated specific inhibition of 
clathrin-mediated, dynamin-dependent and caveolar endocytosis, Rab4- and 
Rab11-mediated trafficking significantly reduced the rate of epithelial cell 
migration.  Further wound healing studies combined with total-internal reflection 
fluorescence (TIRF) microscopy of cells expressing GFP-labelled trafficking 
markers identified polarised caveolar endocytosis to the cell rear, whilst 
exocytosis of vesicles derived from the Rab11 and Rab25 trafficking pathways 
were not polarised during epithelial wound healing.    
 
Additionally, although the dynamin-dependent endocytosis pathways do have a 
function in MDCK cell migration, TIRF imaging combined with co-localisation 
analysis of migrating cells expressing fluorescently labelled focal adhesion (FA) 
and endocytosis pathway markers suggest endocytosis does not regulate FA 
turnover.  Alternatively, immunocytochemistry, confocal imaging and co-
localisation analysis demonstrated clathrin-mediated endocytosis of the tight 
junction (TJ) protein occludin from the wound edge to Rab5 positive early 
endosomal compartments occurs shortly after wound healing.  Wound healing 
analysis also suggested internalisation of occludin from the leading edge as a 
novel mechanism for regulating epithelial cell motility.   
 
However, little is known about occludin trafficking under non-stimulated 
conditions.  This study utilised stable-isotope labelling by amino acids in cell 
culture (SILAC) combined with immunoprecipitation (IP) and mass spectrometry 
to identify proteins/protein complexes which may regulate occludin trafficking.  
Although no such proteins were identified, the data did indicate a high level of 
occludin synthesis.  Sulfo-NHS-SS-Biotin based trafficking assays were 
combined with confocal imaging, immunocytochemistry of endogenous occludin 
and co-localisation analysis between occludin and fluorescent endosomal 
markers to examine steady-state occludin trafficking.  These studies suggest 
that under non-stimulated conditions occludin is continuously internalised, with 
a large proportion of endocytosed occludin undergoing lysosomal degradation.  
Occludin degradation is coupled to a high level of biosynthesis and trafficking to 
the plasma membrane.  These findings are important as regulation of TJ 
structure is integral in maintenance of epithelial membranes whilst loss of cell-
cell junctions is a hallmark of epithelial mesenchymal transition during cancer 
metastasis.  Therefore this work demonstrates a clear link between regulation of 
TJ proteins and directed epithelial cell migration. 
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CHAPTER 1 
 
 
INTRODUCTION 
 
Cell migration is a requirement for many physiological processes, from the 
flagella-based swimming of sperm to the amoeboid crawling of Dictyostelium 
and the collective healing of an epithelial wound.  In particular epithelial wound 
healing is a critical physiological process.  Failure of wounds to heal to 
completion can lead to fibrosis of surrounding tissue, impairing solute and gas 
exchange when the kidneys and lungs are affected.  Furthermore, inability to 
repair wounds correctly leads to increased likelihood of wound infection.  This is 
particularly a problem in patients suffering diabetes.  A significant side effect of 
diabetes is the formation of non-healing dermal ulcers which occur in 15% of 
patients (Reiber et al., 1999) as a result of localised tissue ischemia (Kolluru, 
Bir, & Kevil, 2012).  87% of ulcers lead to lower foot amputations (McNeely et 
al., 1995) and 70% of patients who have undergone amputation die within the 
first five years (Stratton et al., 2000).  Moreover, this is a problem which is on 
the rise as a significant increase in type 2 diabetes has been observed in recent 
years (Diabetes in the U.K., 2012).  Thus, the increased prevalence of disorders 
such as diabetes emphasises the importance of research investigating the 
mechanisms through which epithelial wound healing is regulated.  This research 
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may aid in identification of therapeutic targets and pharmacological tools to aid 
wound healing. 
 
1.1 Cell migration 
Cell migration is a key requirement during embryonic development and in 
maintenance of multicellular organisms.  It describes the process of 
translocation of cells from one region to another.  Cell motility can be directed or 
random, and can occur through a variety of stimuli.  There are several types of 
directed cell migration, yet the two most widely studied in vitro models of 
directed cell migration are chemotaxis and wound healing.  Chemotaxis is a 
process where directed migration occurs as a response to external cues in the 
form of soluble ligands (growth factors and cytokines) which when released into 
the local environment bind their cognate receptor at the plasma membrane.  
Ligand-receptor binding mediates activation of downstream signalling cascades 
leading to generation and maintenance of a migratory phenotype in the direction 
of the ligand source (reviewed fully in Iglesias & Devreotes, 2008).  During 
chemotaxis, directed cell migration is reliant upon a chemical gradient, however 
during wound healing the external stimuli is a release of contact inhibition from 
neighbouring cells (Huttenlocher et al., 2012).  Examples of these processes in-
vivo include chemotactic motility of neutrophils seeking out pathogens (Nuzzi, 
Senetar, & Huttenlocher, 2007), and the sheet-like motion of epithelial 
monolayers into a denuded region such as in conjunctival scratches (Geggel, 
Friend, & Thoft, 1984).  The mechanisms through which chemotaxis and wound 
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healing are regulated are likely to be very different; however, a cohesive model 
of the processes which regulate motility is yet to be made. 
Multiple cellular processes have been demonstrated to play an important 
function in cell migration.  When a migratory stimulus is received by the cell, 
several morphological changes occur leading to development of a polarised 
phenotype (Lauffenburger & Horwitz, 1996).  This phenotype is identified by 
extension of dynamic membrane protrusions in the direction of migration, 
formation and disassembly of FAs, extensive reorganisation of the actin 
cytoskeleton, and re-orientation of the Golgi and microtubule organising centre 
(MTOC) (Casanova, 2002; Grande-Garcia et al., 2007; Lauffenburger & 
Horwitz, 1996). 
One of the initial stages of polarisation is generation of a dynamic 
lamellipodia/filopodia at the leading edge (Chou et al., 2003) (Figure 1.1).  
These protrusions are formed by extensive actin polymerisation and function in 
generation of a protrusive force (Lauffenburger & Horwitz, 1996).  This process 
is regulated by several members of the Rho-GTPase family (Cdc42 and Rac), 
the Arp2/3 complex activated by N-Wasp, and Ena/VASP proteins localised to 
the leading edge (Grande-Garcia et al., 2007; Ridley et al., 2003; Krause et al., 
2003).  However, development of membrane protrusions alone are unable to 
generate motile force, thus new membrane extensions develop attachments 
between the extracellular matrix (ECM) and the cell, utilising traction forces to 
drive cell migration (Figure 1.1).  These attachments with the substratum are 
known as focal complexes (Izzard & Lochner, 1976), which mature into FAs
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Figure 1.1. The polarised migratory phenotype.  Depiction of a polarised 
migrating cell.  Figure shows extensive actin polymerisation in the 
lamellipodial region mediating membrane protrusion.  Focal adhesions form 
in the adherent surface of regions of membrane protrusion, coupling the actin 
cytoskeleton to the extracellular matrix.  Thick actin stress fibres aid in 
regulation of tension, whilst actomyosin contraction of these fibres facilitate 
retraction of the cell rear.  
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(Burridge & Chrzanowska-Wodnicka, 1996).  FAs are linked to the actin 
cytoskeleton via actin stress fibres which regulate and maintain tension on the 
axis of the cell (Ridley et al., 1992) (Figure 1.1).  However, for directed cell 
migration to be successful, protrusion and generation of motile force must be 
coupled to retraction of the cell rear and disassembly of adhesive complexes.  
This process is mediated by retraction of the trailing edge and is regulated by 
Rho-GTPase, Rho kinase, myosin light chain phosphorylation, and interactions 
with myosin II (Katoh et al., 2001).  Moreover, cell-substrate adhesion and 
disassembly have been hypothesised to be regulated by several mechanisms 
including: mechanical disruption driven by actomyosin contraction, extracellular 
disruption by proteases and sheddases and post-translational modification of 
scaffolding proteins (reviewed fully in Kirfel et al., 2004).  These processes 
require a high level of regulation to enable successful directed migration (Friedl 
& Wolf, 2003). 
 
1.2 Epithelial wound healing 
Epithelial cell layers are required for regulation of gas and solute exchange and 
also aid in protection of underlying tissue from injury and infection.  When injury 
occurs repair must take place.  Two mechanisms of wound healing have been 
identified: the “purse-string” model (identified predominantly in smaller wounds) 
which is regulated by actomyosin based contraction (Kiehart, 1999); and re-
epithelialisation occurring via collective migration of epithelial monolayers 
(Figure 1.2) (Fenteany, Janmey, & Stossel, 2000).  Re-epithelialisation is the 
final phase of tissue repair (Castor, 1968; Falanga, 2005; Lampugnani, 1999;      
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Figure 1.2. Collective epithelial migration.  Diagram depicting epithelial 
wound healing.  Before wounding, epithelial cells have tight cell-cell junctions 
to maintain the integrity of the epithelial monolayer.  Immediately after 
wounding epithelial cells maintain cell-cell interactions and cells on the 
wound edge begin to develop a polarised phenotype with a broad 
lamellipodia.  Once development of the motile morphology has occurred cells 
undergo collective directed migration to close the wound.   
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 Marti et al., 2004) and is important for healing dermal wounds and injuries to 
internal organs.  Collective epithelial motility differs significantly from the 
migratory strategy employed by non-epithelial derived cell lines such as 
fibroblasts and endothelial cells (ECs).  This is due to the presence of significant 
cell-cell junctions which are maintained during epithelial cell migration. 
Intercellular adhesion structures are highly important for maintaining the 
structural integrity and function of epithelial monolayers.  There are four types of 
cell-cell adhesion structure; Adherens Junctions (AJ), TJs, GAP Junctions and 
Desmosomes (Figure 1.3).  AJs function predominantly in intercellular adhesion 
(Yonemura et al., 1995) whilst TJs aid in regulation of paracellular permeability 
and apical-basolateral polarity (van Meer & Simons, 1986).  GAP junctions 
allow flux of solute and ions from one cell to its neighbour (Lampe & Lau, 2004) 
while desmosomes aid in cell-cell adhesion and also in resistance to sheering 
forces (Green & Jones, 1996).  Several studies have been performed linking 
regulation of cell-cell junctions with cell migration, particularly during epithelial-
mesenchymal transition (EMT) (Du et al., 2010; Sander et al., 1998; Brennan et 
al., 2010).  EMT is a process characterised by loss of cell-cell junctions where 
epithelial cells lose their epithelial morphology, become more fibroblastic and 
develop a more migratory and invasive phenotype.  EMT is observed in some 
epithelial derived carcinoma (Brennan et al., 2010), identifying a role for cell-cell 
junction disassembly in epithelial cell  migration (Brennan et al., 2010; Niessen, 
2007).  Cell-cell adhesion may have an important function in regulation of cell 
migration, combined with the physiological importance of epithelial wound 
- 8 - 
 
 
 
Figure 1.3. Cell-cell adhesive structures in polarised epithelial cells.  
There are four types of adhesive structure in polarised epithelial cells, the 
most apical structures are tight junctions, below them the adherens junctions 
and desmosomes.  The most basolateral adhesive structures are GAP 
junctions.   
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healing, collective migration of epithelial cells is a system requiring further 
investigation. 
 
1.3 MDCK cells 
One of the most widely used epithelial models is the MDCK epithelial cell 
model.  MDCK cells were isolated from the apparently normal kidney distal 
tubule of a female cocker spaniel in 1958 by S.H. Madin and N.B. Darby (Madin 
& Darby, 1958).  MDCK cells are an excellent epithelial model as their 
trafficking pathways are well established (Weisz & Rodriguez-Boulan, 2009), 
they are capable of forming fully polarised monolayers and form well defined 
cell-cell junctions (AJ, TJ, Gap junctions, Desmosomes) (Dukes, Whitley, & 
Chalmers, 2011).  They have been widely utilised to examine mechanisms of 
wound healing (Fenteany, Janmey, & Stossel, 2000).  Moreover, MDCK cells 
are an excellent tool for examining wound healing as their mechanism of wound 
closure utilises collective cell migration rather than cell division to fill in the 
denuded region (Fenteany, Janmey, & Stossel, 2000).  However MDCK cells do 
have several draw-backs, mostly due to the fact they are a canine derived cell 
line.  For example most antibodies are raised against human or mouse 
sequences and may not be able to recognise the canine protein target.  
Furthermore, gene silencing techniques such as RNAi and siRNA are difficult in 
MDCK cells, as the canine genome although fully sequenced is not fully 
annotated making target sequence identification difficult.  Moreover, the canine 
sequence database is limited, hindering mass spectrometry based proteomic 
studies of MDCK cells.  Although there are negative aspects of using MDCK 
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cells as an epithelial model, the benefits far outweigh the negative features of 
this cell line.  Their ease of culturing, known trafficking pathways, and ability to 
polarise and form excellent cell-cell adhesions makes this an invaluable model 
to study trafficking of adhesion complexes during epithelial wound healing. 
 
1.4 Vesicle trafficking 
Vesicles are intracellular structures, enclosed by a lipid bilayer and required for 
transport of cargo between cellular compartments.  Endosomal recycling is 
initiated when lipids, membrane proteins and soluble ligands are internalised 
from the cell-surface.  Once inside the cell body, endosomal cargo is either 
recycled via intracellular organelles and returned to the plasma membrane or 
targeted for degradation (Maxfield & McGraw, 2004). 
One of the most widely studied internalisation pathways is clathrin-mediated 
endocytosis (CME) (Figure 1.4).  CME is initiated by formation of clathrin coated 
pits.  Adaptor proteins such as AP2 facilitate recruitment of clathrin triskelia to 
the plasma membrane (Pearse, Smith, & Owen, 2000).  Clathrin triskelia are 
three-legged pinwheel shaped heteropolymers, each “leg” is composed of a 
heavy and light clathrin chain, the C terminus ending in a common hub 
(Ferguson et al., 2008).  Upon recruitment to the plasma membrane the triskelia 
polymerise into a clathrin lattice, mediating plasma membrane curvature 
(Boucrot & McMahon, 2011).  Accessory proteins such as AP180 and epsin are 
recruited to the plasma, which function both directly in membrane curvature and 
recruit molecules with similar function (Ford et al., 2002; Ford et al., 2001).  
Once the pit has formed, dynamin polymerises in a spiral formation at the neck 
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of the vesicle.  This molecule utilises GTP hydrolysis to induce a conformational 
change leading to vesicle fission (Sweitzer & Hinshaw, 1998).  Once the clathrin 
coated vesicle has been formed and is disconnected from the plasma 
membrane, it undergoes an uncoating process mediated by auxillin and Hsc70 
where clathrin is removed from the vesicle (Rapoport et al., 2008).  When 
vesicles have been uncoated they are capable of fusion with endosomal 
organelles delivering cargo for recycling or degradation. 
Another dynamin-dependent internalisation pathway is caveolar endocytosis 
(Figure 1.4).  Caveolar endocytosis takes place through structures known as 
caveolae, which are flask-shaped invaginations rich in cholesterol and 
sphingolipids.  The most important structural component of caveolae are the 
caveolin coat proteins.  There are 3 members of the caveolin family, caveolin1 
(required for caveolae biogenesis), caveolin2 and caveolin3 (muscle specific) 
(Fra et al., 1995).  Caveolins are hairpin transmembrane proteins which bind 
cholesterol, both the N and C terminus are cytoplasmic (Murata et al., 1995).  
The first stage of caveolar biogenesis involves trafficking of newly synthesised 
caveolin1 to the endoplasmic reticulum where it is oligomerised into homo 
oligomers of 7-14 caveolin1 molecules, which are transported to the plasma 
membrane as a stationary unit (Monier et al., 1995; Scheiffele et al., 1998; 
Tagawa et al., 2005).  Recent studies have identified members of the cavin 
family of proteins associated with the plasma membrane of mature caveolae, 
where its appears to function in sequestration of mobile caveolin1 into caveolae, 
aiding biogenesis and regulation of membrane curvature (Hansen et al., 2009; 
Hill et al., 2008).  The exact mechanism through which cargo is recruited
- 12 - 
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to caveolae and internalised is unknown, however the large GTPase dynamin 
appears to play a role in vesicle fission (Oh, McIntosh, & Schnitzer, 1998).  Like 
CCVs, caveolar derived vesicles undergo subsequent trafficking to endosomal 
organelles (Zhang et al., 2000) and are capable of plasma membrane fusion 
(Salanueva et al., 2007). 
 
 
 
Upon internalisation of cargo by endocytosis, the cargo can be recycled through 
several organelles back to the cell-surface or be targeted for degradation 
(Maxfield & McGraw, 2004).  Recycling can occur via many endosomal 
organelles (reviewed extensively in Maxfield & McGraw 2004).  However, this 
study is particularly interested in the trafficking pathways mediated by the GTP 
ases Rab4 and Rab11 (Figure 1.5).  In many cells undergoing single cell 
migration, Rab4-mediated recycling describes rapid transport of cargo to 
peripheral early endosomes (EE) and recycling directly back to the plasma 
membrane (Figure 1.5) (van der Sluijs et al., 1992a; van der Sluijs et al., 
1992b).  An alternative route for cargo from the EE is to the perinuclear 
recycling compartment (PNRC) then to the plasma membrane (Figure 1.5) 
(Ullrich et al., 1996).  This route is slower and is known as the Rab11-
dependent pathway (Maxfield & McGraw, 2004).  This model describes the 
classical pathway of endosomal sorting and targeting of proteins, however there 
is a significant difference in these pathways between cell lines.  For example, in 
polarised MDCK cells the endosomal recycling pathway utilised by these cells 
to recycle cargo is complex, complicated by the presence of apical and 
basolateral domains (Figure 1.6).  Each domain has its own set of recycling
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endosomes, through which cargo can be transported for targeting to 
apical/basolateral membranes (Figure 1.6).  As shown in Figure 1.6, Rab4 still 
has an important role in regulating trafficking of cargo through the apical and 
basolateral EEs (Weisz & Rodriguez-Boulan, 2009), however the function for 
Rab11 in regulation of vesicle trafficking is significantly different to that 
observed in migrating CHO and BHK cells (Ullrich et al., 1996).  Instead of 
modulating transport of cargo through the PNRC compartment, Rab11 appears 
to function by regulating trafficking through the apical recycling endosome 
regulating apical recycling and transcytosis (trafficking from apical to basolateral  
membranes) (Figure 1.6) (Casanova et al., 1999; Casanova, 2002; Wang et al., 
2000).  However, during cell migration apical and basolateral polarity is lost, 
instead cells develop a front-rear axis of polarity.  This phenotype change may 
alter both function and organelle localisation of Rab11 during MDCK cell 
migration, but the extent to which it is altered is unknown.  Yet it has been 
demonstrated in non-polarised MDCK cells grown on glass, Rab11 localises to 
an organelle similar to the apical recycling endosome adjacent to the nucleus, 
however it is not involved in transferrin recycling so is unlikely to be comparable 
to the PNRC (Brown et al., 2000).  Thus, the trafficking pathways involved in 
regulation of directed epithelial cell migration differ from that of cells migrating 
singularly, further emphasising the need to examine vesicle trafficking during 
collective epithelial cell migration. 
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Figure 1.6. Vesicle trafficking pathways in polarised MDCK cells.  
Diagram demonstrating vesicle trafficking pathways in polarised MDCK 
cells.  
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1.5 A role for vesicle trafficking in cell migration 
Vesicle trafficking has been shown to be critical in regulation of cell migration, 
which could be orchestrated by regulation of several processes including 
regulation of signalling and correct protein targeting (Mukherjee, Tessema, & 
Wandinger-Ness, 2006).  Recently, vesicle trafficking has been suggested to 
aid regulation of cell migration via several mechanisms. 
One such mechanism is through regulation of FAs.  As described previously, FA 
assembly and disassembly is vital for efficient cell migration.  An important 
component of FAs are integrins.  Integrins are hetero-dimeric complexes, which 
in their active state bind to immobilised ligands in the ECM and are 
mechanically coupled to the actin cytoskeleton (Zamir & Geiger, 2001).  
Integrins play a pivotal role in adhesion and have emerged as an important 
mechanism for controlling cell motility in several models (Caswell & Norman,  
2006).  Vesicle trafficking has the potential to modulate cell migration through 
trafficking of integrins (Caswell et al., 2007; Roberts et al., 2001).  Other ways in 
which vesicle trafficking may regulate cell migration is through transport of lipids 
to facilitate membrane extension (Bretscher, 1996),  trafficking of receptors for 
soluble ligands (e.g. chemoattractants) (Zieske et al., 2001) and v-SNAREs 
(proteins which are incorporated into vesicles which enable vesicle fusion at 
target membranes) introduced into the plasma membrane following vesicle 
fusion (Gerst, 1999).  Vesicle trafficking may play a role in cell motility by 
regulation of a range of mechanisms.  However, the exact trafficking pathways 
involved in regulation of cell migration are unclear and are further complicated 
by conflicting opinions on the function of each pathway during polarisation and 
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steady-state migration.  This inconsistency may be due to cell specific 
variances, altering migratory stimuli (chemotaxis versus loss of contact 
inhibition) and differing assay systems, highlighting the requirement for analysis 
of several trafficking pathways within a single migratory model. 
 
1.6 Polarised trafficking in cell migration 
Although several roles for vesicle trafficking in cell migration have been 
hypothesised, the precise mechanistic linkages between the two processes are 
not clear.  The longstanding “back to front” hypothesis proposes transport of cell 
adhesion molecules from the rear of a motile cell to the front (Sheetz et al., 
1999) (Figure 1.7A), whilst it has also been suggested that internalisation of 
lipid occurs throughout the cell body but exocytosis is polarised to the leading 
edge (Figure 1.7B) (Bretscher, 1984).  Additionally, polarised trafficking of 
receptors to soluble ligands has been connected with cell migration and 
recycling during chemotaxis (Figure 1.7C) (Bailly et al., 2000; Hopkins et al., 
1994). 
Several receptors for soluble ligands have been demonstrated to cycle between 
the cell-surface and endosomal compartments, including the epidermal growth 
factor receptor (EGFR) (extensively reviewed by Husnjak & Dikic, 2006) and the 
insulin receptor (Kublaoui, Lee, & Pilch, 1995).  Bailly et al., (2000), examined 
polarised trafficking of EGFR during chemotaxis in an EGF gradient.  Live cell 
imaging of EGFR-GFP in MTLn3 adenocarcinoma cells demonstrated 
increased EGFR-containing vesicles towards an EGF source, potentially due to 
polarised internalisation at the leading edge.  Later work by
- 19 - 
 
  
 
 
Figure 1.7. Three proposed mechanisms for polarised vesicle 
trafficking.  (A) Internalisation and transport of cell-adhesion molecules 
from the rear of a motile cell to the front.  (B) Internalisation of bulk 
membrane during plasma-membrane lipid trafficking to the leading 
edge.  (C)  Receptor recycling during chemotaxis.  
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Zhou et al., (2007), utilised cerebellar granule precursor cells undergoing 
migration in a chemotactic gradient of brain-derived neurotrophic factor (BDNF), 
to identify polarised trafficking of the BDNF receptor TrkB.  They identified 
asymmetrical distribution of TrkB containing endosomes to areas where BDNF 
concentration was highest (Zhou et al., 2007).  Thus, evidence does suggest 
that some receptors do undergo polarised trafficking during chemotaxis, 
however not all receptors show the same behaviour.  For example in the 
leukaemia cell line PLB-985, undergoing chemotaxis towards formyl-methionyl-
leucyl-phenylalanine (fMLP), no alteration in distribution of the complement 
component C5a receptor was observed during either generation of a motile 
phenotype or migration (Servant et al., 1999).  Evidently, receptors to soluble 
ligands represent one cargo which may be subject to polarised trafficking during 
cell migration, another are the FA components integrins. 
Work from the laboratory of Jim Norman suggests specific integrin heterodimers 
undergo endocytosis in the middle to front regions of the migrating cell.  
Potentially these internalised integrins may be transported to the leading edge 
in a polarised manner, where they can form new FA complexes (Caswell & 
Norman, 2006).  This hypothesis is further supported by the increased 
localisation of CME to middle to front regions of migrating MDCK cells 
(Rappoport & Simon, 2003) and observations of β1 integrin undergoing CME 
during FA disassembly (Ezratty et al., 2009).  However it must be noted, work in 
the MDCK cell line has identified a minimal role for dynamin-dependent, CME or 
caveolar endocytosis in regulation of FAs during cell migration (Fletcher et al., 
- 21 - 
 
2012).  This suggests integrin endocytosis and trafficking may be cell line 
specific, dependent on the heterodimer studied or subject to alteration 
dependent on migratory stimulus. 
Additionally, work from the Bretscher lab has suggested the importance of 
polarised delivery of lipids to the leading edge as a means of facilitating 
membrane extension (Bretscher, 1984; Bretscher, 1996).  Several other groups 
have tested this hypothesis by examining rearward membrane flow.  Rearward 
flow is a process where extensive addition of membrane to the leading edge 
should displace adjacent membranes leading to rearward flow of membrane 
from the lamellipodial region.  This process has been observed in migrating 
chick dorsal root ganglion cells (DRGs) where the trajectories of beads 
anchored to the plasma membrane were measured as a means of quantifying 
membrane extension (Dai & Sheetz,1995).  However, similar experiments in 
randomly migrating Leukocytes did not find evidence of rearward flow (Lee et al. 
1990).   
 
1.7 Vesicle trafficking in differing cell lines 
Variations between different cellular models is an important factor when 
examining cell migration, as there are a several types of cell motility as well as a 
wide variety of migratory stimuli.  There are two main types of cell motility; 
single cell and collective migration.  These categories can then be further 
divided into two types of single cell migration (amoeboid or mesenchymal), or in 
collective migration can be divided into cell sheets, strands, tubes or clusters 
(Friedl, 2004).  Different cell types exhibit different migratory strategies; for 
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example MDCK cells migrate collectively, leukocytes undergo amoeboid motility 
(Friedl, Borgmann, & Brocker, 2001), whilst fibroblast cells migrate in a 
mesenchymal manner (Grinnell, 1994).  Moreover, cells can alter migratory 
strategy such as during EMT when epithelial collective migration is lost and the 
cells develop a more mesenchymal migratory phenotype (Thiery, 2002).  
Migratory behaviour will also vary dependent upon the type of motility being 
studied i.e. planar migration vs. invasion through matrix.  These migratory 
mechanisms are likely to require different regulation, therefore, the role of 
vesicle trafficking in regulation of cell migration may vary depending upon cell 
type, preventing extrapolation of findings onto other cell lines.  For example, 
cells such as the rapidly migrating fish keratocytes have a differing migratory 
morphology and mechanism in comparison to cells such as the MDCK cell line.  
Fish keratocytes migrate individually at 30µm/minute (Schwab, 2001), whilst 
MDCK cells migrate collectively at approximately ~20µm/hr (Fletcher et al., 
2012).  The fish cells exhibit a crescent shaped morphology due to lamellipodia 
extending halfway around the cell body (Kucik, Elson, & Sheetz, 1990), whist 
MDCK cells maintain cell-cell contacts and form a triangular polarised 
morphology with a broad leading lamella (Rappoport & Simon, 2003).  These 
cell specific variances are likely to require highly different regulatory 
mechanisms e.g. in keratocytes FA turnover is likely to be more rapid than in 
motile MDCK cells, therefore integrin recycling may occur via a faster pathway 
than in MDCK cells, or trafficking may be more localised.  Evidently, the function 
for vesicle trafficking in regulation of cell migration in these cell lines will vary.   
However, factors such as cell adhesion molecule expression level, differing 
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requirements for actin polymerisation and actomyosin contraction are also likely 
to be responsible for differences in migratory phenotype between cell lines. 
 
1.8 Clathrin-mediated endocytosis 
CME is an internalisation pathway which has been widely implicated in 
functioning in regulation of epithelial cell migration via endocytosis of numerous 
receptors to chemoattractants and cell adhesion molecules  (Chao & Kunz, 
2009; Ezratty et al., 2009; Rappoport & Simon, 2009; Sturge, Hamelin, & Jones, 
2002).  Thus, this pathway may be integral in regulation of cell motility (Sheetz 
et al., 1999).  Yet, experiments to determine the function of CME and the extent 
to which it is polarised during cell migration have been difficult to integrate into a 
cohesive understanding. 
One of the first investigations into the potential for polarised CME was 
performed in 1983 by Mark Bretscher (Bretscher, 1983).  Distribution of coated 
pits on the dorsal surface of so-called “giant” HeLa cells was measured by 
electron microscopy and a non-polarised distribution was observed as cells 
underwent random spreading.  Conversely, several studies have been 
performed which demonstrated polarisation of CME during cell migration 
(Damer & O'Halloran, 2000; Davis et al., 1982; Kamiguchi et al., 1998; 
Nishimura & Kaibuchi, 2007; Rappoport & Simon 2003; Samaniego et al., 
2007).  However, the domain to which it is polarised has not always been 
consistent from study to study. 
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Investigations in the early 1980s identified polarised distribution of CCPs in 
chemotactic neutrophils.  CCPs were excluded from the lamellipodium and 
instead localised towards the uropod (a trailing non-adherent projection) (Davis 
et al., 1982).  Similar observations were reported in T-lymphocytes undergoing 
random migration (Samaniego et al., 2007).  Confocal microscopy 
demonstrated co-localisation of clathrin light chain with AP2 and transferrin at 
the uropod and away from the leading edge (Samaniego et al., 2007).  This 
rearwards polarisation was also observed in Dictyostelium cells, where transient 
recruitment of GFP-tagged clathrin heavy chain was observed at the trailing 
edge (Damer & O'Halloran, 2000).  Similarly CME of the adhesion molecule L1 
was shown to occur preferentially at the cell rear and centre of chick DRG 
growth cones (Kamiguchi et al., 1998). 
However, this rearwards CME localisation has not been observed in other cell 
lines.  Two recent studies utilising epithelial-derived cells have challenged the 
view that endocytosis is polarised to the rear of motile cells.  Total-internal 
reflection fluorescence (TIRF) microscopy enables selective excitation of 
fluorophores 100nm above the glass coverslip allowing imaging of the adherent 
plasma membrane.  Using the TIRF imaging platform Rappoport and Simon 
(2003), identified clathrin light chain, dynamin2aa, and the transferrin receptor 
excluded from the cell rear and localised towards the front of MDCK cells during 
wound healing (Rappoport & Simon, 2003).  Moreover, the clathrin adaptor AP2 
was found to be polarised towards the leading edge of HeLa cells during wound 
healing assays  (Nishimura & Kaibuchi, 2007).   
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Evidently, there does appear to be a high degree of variability to the domain to 
which CME is polarised.  This is potentially due to differing cell lines, migratory 
stimuli as well as experimental differences.  For example in research by 
Bretscher et al., (1983), analysis was performed on the non-adherent plasma 
membrane of non-motile cells.  This is important as regions where polarised 
endocytosis of cell adhesion molecules might be expected to arise, i.e. the 
adherent plasma membrane, were not measured.  This was also the case in 
studies where rearwards polarisation of CME was demonstrated to occur (Davis 
et al., 1982; Samaniego et al., (2007); Damer & O'Halloran, 2000).  In 
observations in neutrophils undergoing chemotaxis, analysis was performed on 
horizontal EM sections (the non-adherent plasma membrane) (Davis et al., 
1982).  Whilst the uropod and “neck region” of T-lymphocytes studied by 
Samaniego et al., (2007) is a trailing projection which is non-adherent.  
Conversely, in studies where TIRF microscopy was employed to observe CME 
at the adherent plasma membrane (Rappoport & Simon, 2003; Nishimura & 
Kaibuchi, 2007), CME localisation was not observed in the non-adherent 
plasma membrane, potentially missing polarised CME in dorsal membranes.  
Therefore, to build a more cohesive model of polarised CME during cell 
migration the localisation of CME in the entire plasma membrane should be 
measured.   
 
1.9 Caveolar endocytosis 
The exact role for caveolar endocytosis during directed migration has been 
widely debated, and is disputed by several groups.  Initial studies which utilised 
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overexpression of caveolin1 demonstrated inhibition of lamellipodial extension 
and migration in the MTLn3 carcinoma cell line (Zhang et al., 2000), thus the 
authors concluded caveolin1 functioned as a negative regulator of cell 
migration.  Yet later studies examining invasion of human ECs into collagen I 
gel, found inhibition of caveolar internalisation by the cholesterol sequestering 
agent filipin, decreased migration and invasion (Galvez et al., 2004).  However, 
these results may be non-specific as filipin induced cholesterol depletion may 
effect plasma membrane architecture and function as well as caveolar 
endocytosis (Kwik et al., 2003).  Importantly, these findings were replicated in 
caveolin1 deficient mouse embryonic fibroblasts during wound healing (Grande-
Garcia et al., 2007).  The fibroblasts displayed increased migration speed, poor 
directionality, a non-polarised morphology and an irregular cytoskeleton. These 
migrational and cytoskeletal defects were suggested to be due to caveolin1 
regulation of Src kinase and effectors Rho, Rac and CDC42 GTPases.  
However, recent research may explain the contradictory results observed when 
examining the role of caveolar endocytosis and cell migration  (Zhang et al., 
2000; Galvez et al., 2004;  Grande-Garcia et al., 2007), with work by Vassilieva 
et al., (2008) suggesting caveolin1 overexpression exerts a dominant negative 
effect. 
Evidently caveolar endocytosis does have an important function in regulation of 
cell migration, the exact role for caveolar endocytosis has not been identified.  
Although caveolin1 may regulate cell migration through interactions with the 
Rho family of GTPases (Grande-Garcia et al., 2007), an alternative way in 
which caveolar endocytosis may regulate cell migration is via endocytosis of 
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specific integrin heterodimers and receptors for soluble ligands as 
demonstrated in table 1.1 (Caswell & Norman, 2006; Samaniego et al., 2007; 
Zhu et al., 2005). 
Interestingly, like CME, caveolar endocytosis has been shown to be polarised 
during cell motility, again with conflicting observations recorded.  The majority of 
studies examining caveolar endocytosis in cell migration have been performed 
in ECs.  ECs have a high abundance of caveolae making them an ideal model 
in which to examine caveolar endocytosis (Frank et al., 2003).  Moreover, 
motility of ECs is integral during angiogenesis, making identification of the role 
of caveolar endocytosis during EC migration particularly important (Isshiki et al., 
2002; Severs, 1988).  Therefore, several studies have been performed 
examining polarised caveolar endocytosis during EC migration.  One of the first 
demonstrations of polarised caveolin1 distribution during cell migration was 
observed in ECs undergoing directed migration during wound healing.  In cells 
migrating on a 2D surface, immunofluorescence showed endogenous caveolin1 
was localised to the cell rear (Isshiki et al., 2002).  Moreover, further analysis of 
polarised caveolar endocytosis during EC migration was performed in studies 
by Parat, Anand-Apte, & Fox (2003).  This group utilised confocal and electron 
microscopy to verify the increased presence of caveolae polarised to the rear of 
ECs during two-dimensional wound healing.  They also described non-
membrane localised polarisation of caveolin1 to anterior protrusions during EC 
invasion through pores in a Boyden chamber in cells undergoing chemotaxis 
towards a fibroblast growth factor (FGF) source.  This study elegantly 
demonstrated how alteration of migratory mechanisms can affect the function  
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Integrin Internalisation Recycling Pathway 
α?β1 Dynamin-dependent (Ng et. 
al., 1999) 
Rab11 (Powelka et. al., 
2004) 
α5β1 Clathrin-independent 
(Altankov & Grinnell 1995) 
Caveolin1-dependent (Shi & 
Sottile 2008) 
Rab11 (Roberts et. al., 
2001;Roberts et. al., 
2004;Skalski & Coppolino 
2005;Tayeb et. al., 2005) 
α2β1 Caveolae (Upla, et al., 2004) 
Pak1 dependent (Karjalainen 
et. al., 2008) 
- 
α6β1 - Rab11 (Roberts et. al., 
2004) 
α6β4 - Rab11 (Yoon, Shin, & 
Mercurio, 2005) 
αLβ2 Filipin sensitive (Caswell & 
Norman 2006) 
Rab11 (Caswell & Norman 
2006) 
αvβ3- 
unstimulated 
NXXY motif not req (Woods 
et. al., 2004) 
Clathrin coated pits (Sancey 
et. al., 2009)  
Rab11 (Roberts et. al., 
2001;Roberts et. al., 2004) 
αvβ? Clathrin coated pits (Upla et 
al, 2004) 
- 
αvβ6 Clathrin coated pits (Ramsay 
et. al., 2007) 
- 
αvβ3- PDGF 
stimulated 
- Rab4 (Roberts et. al., 
2001;Woods et. al., 2004) 
αvβ5 Clathrin coated pits (De 
Deyne et. al., 1998) 
- 
β1 Dynamin-dependent, clathrin 
dependent (Chao and Kunz 
2009; Ezratty et al., 2009)  
- 
β3 – PDGF 
stimulated 
Macropinocytosis (Gu et al., 
2011) 
- 
 
Table 1.1 Integrin internalisation and recycling pathways. (Table adapted 
from Fletcher and Rappoport, 2010). 
- 29 - 
 
and localisation of a specific endocytic pathway.  Furthermore, the group also 
performed important control experiments observing effects on caveolae 
distribution when factors such as cell culture technique, chemotactic stimulus, 
gravitational forces and substrate were altered. On the contrary, work by Galvez 
et al., 2005 again employing ECs observed co-localisation of caveolin1 with the 
matrix metalloproteinase MT1-MMP and αvβ3 integrin within dynamic membrane 
protrusions, therefore polarisation away from the cell rear may exist (Galvez et 
al., 2004). 
Clearly, evidence from the aforementioned studies implicates an important 
function for the role of caveolar endocytosis during EC migration as well as the 
potential for caveolar endocytosis to be polarised to a specific domain within the 
plasma membrane.  However it must be noted, that these studies observed 
caveolae localisation rather than actual caveolar endocytosis events.  Caveolae 
may have functions other than to internalise cargo, such as in regulation of 
membrane tension (Sinha et al., 2011).  Thus the polarised localisation of 
caveolae observed within the previous studies may not represent polarised 
caveolar endocytosis, instead it might indicate a requirement for a polarised 
caveolae localisation to regions of increased plasma membrane tension.    
Caveolae have an important function during cell migration yet the extent to 
which caveolar endocytosis is polarised during migration is not fully understood 
in non-EC derived cell lines.  The function of caveolar endocytosis is of 
particular importance during epithelial cell migration as intercellular and cell-
ECM adhesion molecules undergo extensive reorganisation during collective 
migration.  One way in which caveolae may function in regulation of epithelial 
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cell migration is through modulation of adhesion complexes; caveolar 
endocytosis has been demonstrated to regulate internalisation of integrins and 
TJ components (Upla et al., 2004; Marchiando et al., 2010).  Therefore, both the 
role of caveolar endocytosis and its potential polarisation during epithelial 
wound healing requires further investigation.    
 
1.10 Endosomal recycling 
Within the last two decades, many studies have focussed on the role of vesicle 
trafficking in regulation of cell migration; however the extent to which vesicle 
trafficking pathways are polarised during cell migration has not been as widely 
examined.  Internalisation and recycling of cargo important for cell migration 
may be a way through which vesicle trafficking may regulate cell migration.  For 
example polarised recycling of chemoattractant receptors during processes 
such as detection and response to chemotactic signals may function to maintain 
cell migration (Zhou et al., 2007), whilst motile force could be regulated by 
recycling of cell adhesion molecules (Roberts et al., 2001). 
One of the key regulators of vesicle trafficking and recycling are members of the 
Rab-GTPase family.  They function to regulate several aspects of cargo 
trafficking acting via recruitment of effector proteins, they ensure correct vesicle 
targeting, cargo selection, vesicle budding, motility of vesicles, uncoating, 
docking and fusion (reviewed extensively in Subramani & Alahari, 2010).  Of the 
51 known Rab family members, the ones of particular interest to this study are 
Rab4 and Rab11, both are associated with vesicle trafficking events which 
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intersect with the plasma membrane.  Rab4 is localised to the EE 
compartments and is required for cargo sorting and rapid recycling from EEs to 
the plasma membrane (Daro et al., 1996; McCaffrey et al., 2001).  Expression 
of dominant negative Rab4(S22N) is a tool which can be utilised to inhibit Rab4-
mediated recycling and has been used widely.  This mutant has been 
demonstrated to decrease recycling of the transferrin receptor and affect 
degradation of EGF receptors in HeLa cells (McCaffrey et al., 2001).  Moreover 
increased localisation of transferrin receptor to perinuclear compartments was 
observed, potentially due to diversion of cargo to the Rab11-mediated pathway 
(Figure 1.5).  However, this hypothesis was not proven as the perinuclear 
compartment identified was not confirmed to be that which is regulated by 
Rab11 (Figure 1.5). 
The exact function of Rab4-mediated recycling in cell migration is unknown, yet 
its significance is becoming clear.  In migrating NIH3T3 fibroblasts, inhibition of 
Rab4 by expression of Rab4(121I) increased migratory tortuosity in wound 
healing studies, decreased v3 integrin trafficking but did not affect migration 
speed (White, Caswell, & Norman, 2007).  These findings suggest Rab4-
mediated trafficking may be required for cell spreading and polarised trafficking 
of v3 to the leading edge (Roberts et al., 2001; Woods et al., 2004).  Due to 
the importance of correct integrin function during cell migration, regulation of 
adhesion and signalling; the directional effects observed upon inhibition of Rab4 
may be due to alterations in v3 trafficking (White, Caswell, & Norman, 2007).  
The authors suggested a model where Rab4-mediated recycling could regulate 
directionality by re-sensitising v3 to ligand (Danen et al., 2005; White, 
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Caswell, & Norman, 2007).  Yet there are numerous other mechanisms through 
which Rab4 recycling may regulate cell migration either directly or by affecting 
downstream effectors. 
An alternative cargo recycling pathway of interest to this study is the Rab11- 
mediated trafficking pathway (Figure 1.5).  Rab11-dependent recycling has 
been demonstrated to play an important role in regulation of cell migration.  
Initial findings by Mammoto et al., 1999, found expression of a dominant 
negative mutant of Rab11, Rab11(S25N) decreased MDCK epithelial cell 
migration (Mammoto et al., 1999).  In later studies, expression of this mutant in 
the PtK1 epithelial cell line also led to an alteration in migratory phenotype 
(Prigozhina & Waterman-Storer, 2006).  PtK1 cells expressing Rab11b(S25N) 
displayed an increased frequency of directional changes when cells underwent 
random migration in comparison to control cells (Prigozhina & Waterman-
Storer, 2006).  Furthermore, an augmented number of membrane protrusions 
were observed, as well as difficulty in retraction of the cell rear (Prigozhina & 
Waterman-Storer, 2006).  These observations were replicated during directed 
migration in a wound healing assay, and suggest an important role for Rab11 in 
regulation of both random and directed cell motility (Prigozhina & Waterman-
Storer, 2006).   
As demonstrated in the aforementioned studies, Rab11-mediated recycling 
plays an important role in cell migration.  One way in which trafficking via the 
Rab11-dependent pathway may regulate cell migration is through trafficking of 
specific integrin heterodimers (Roberts et al., 2001; Yoon, Shin, & Mercurio, 
2005).  Work from the laboratory of Jim Norman demonstrated in NIH3T3 
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fibroblasts that expression of Rab11(N124I) significantly reduced recycling of 
both αvβ3 and α5β1 under basal conditions, and demonstrated co-localisation 
between PNRC localised Rab11 and αvβ3 integrin (Roberts et al., 2001).  
Further evidence supporting a function for Rab11 in regulation of integrin 
trafficking  was performed in CHO cells treated with fMLF (to induce membrane 
ruffling), where a decreased localisation of L/2 integrin to lamellipodia was 
observed upon expression of Rab11(S25N) (Fabbri et al., 2005).  This group 
also identified a high level of co-localisation between Rab11 and L/2 in 
polymorphonuclear cells and found expression of Rab11(S25N) led to 
accumulation of L/2 in the PNRC (Fabbri et al., 2005).  Therefore, one 
hypothesis which can be formed from the work of Fabbri et al., 2005 suggests 
that L/2 is transported via the Rab11-dependent recycling pathway under both 
non-motile and motile conditions and that during cell migration Rab11-mediated 
trafficking is required for polarised delivery of L/2 to the leading edge via a 
Rab11-mediated recycling pathway (Fabbri et al., 2005).   
Additionally, another epithelial specific member of the Rab11 GTPase family, 
Rab25 exists (Goldenring et al., 1993).  Rab25 has not been widely studied, 
however several findings have linked Rab25 to regulation of cell migration, 
correlating augmentation of Rab25 expression with increased invasiveness in 
vivo and in vitro (Caswell et al., 2007; Cheng et al., 2004).  Yet, in other cell 
types (A2780 ovarian carcinoma cells) overexpression of Rab25 had no effect 
on migration speed or directionality (White, Caswell, & Norman, 2007).  
Although little is known of the function for Rab25 in cell migration it has been 
demonstrated to be important for trafficking of cargo via the apical EE, 
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regulating apical to basolateral transcytosis (Figure 1.6) in polarised MDCK 
cells (Casanova et al., 1999; Tzaban et al., 2009).  Evidently Rab25 has a 
function in regulating vesicle trafficking in epithelial cells yet whether this 
trafficking pathway is required during collective epithelial cell migration is not 
known, however it is a question which requires further study. 
Undoubtedly vesicle trafficking plays a significant role in regulation of cell 
migration.  However the extent to which polarised endocytosis and recycling is 
required during cell migration is less well understood.  Most of our current 
understanding of the function for polarised vesicle trafficking during cell motility 
is based upon data obtained from randomly migrating fibroblast-derived cell 
lines, with less evidence available for the function of polarised trafficking in 
other cell types and cells undergoing directed migration.  One of the most 
widely utilised tools in the study of trafficking is the iron-binding protein 
transferrin which binds to the transferrin receptor and is recycled via several 
endosomal compartments including the EE and the PNRC.  Transferrin is easily 
labelled with fluorescent probes and the 125I isotope making it ideal for use in 
both imaging and biochemical based trafficking assays.  In studies by Hopkins 
et al., 1994, randomly migrating chick embryonic fibroblasts were used along 
with pulse-chase transferrin recycling, live cell time-lapse microscopy and EM 
imaging of immuno-gold-labelled transferrin receptors, to identify polarised 
trafficking of both transferrin and its receptor via a juxtanuclear compartment to 
the leading lamella (Hopkins et al., 1994).   
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There is clearly evidence suggesting some proteins do undergo polarised 
recycling during cell motility.  However the majority of research has been 
performed examining polarised trafficking of cell adhesion molecules as means 
through which cell migration and adhesion can be regulated.  Work by Laukaitis 
et al., 2001 demonstrated polarised recycling of α5-GFP integrin containing 
vesicles from a perinuclear region to the base of the lamellipodia in randomly 
migrating WI38 fibroblast cells (Laukaitis et al., 2001).  Although a polarised 
vesicular localisation of α5-GFP was observed, the authors never performed 
fusion analysis to identify whether these α5-GFP containing vesicles ever fuse 
with the leading edge to confirm true polarised trafficking of α5 integrin.  Also 
expression of exogenous α5-GFP makes it is impossible to determine the 
proportion of α5-GFP- containing vesicles undergoing recycling or secretion via 
the biosynthetic secretory pathway.  Further evidence of polarised integrin 
trafficking was also observed in randomly migrating skeletal muscle fibroblasts 
where trafficking of β1 integrin from the lagging edge into the cell body was seen 
(Palecek et al., 1996).  
Although much work of the work examining polarised trafficking has been 
performed in migrating fibroblasts, studies in randomly migrating neutrophils 
have also provided evidence for polarised trafficking of cell adhesion molecules.  
Work from the laboratory of Frederick Maxfield in neutrophils undergoing 
chemotaxis towards fMLP demonstrated polarised recycling of the αvβ3 integrin 
heterodimer and α5-integrin subunit (Lawson & Maxfield, 1995; Pierini et al., 
2000).  In both of these studies, calcium buffering was utilised to prevent 
integrin disassembly at FAs.  During cell migration transient intracellular calcium 
- 36 - 
 
spikes can lead to FA disassembly (Giannone et al., 2002).  Inhibition of these 
calcium spikes using the calcium chelating agent Quin 2 prevents detachment 
of integrins from their immobilised ligand (Lawson and Maxfield, 1995).  In cells 
where intracellular calcium levels had been buffered a redistribution of αvβ3 
integrin (Lawson & Maxfield, 1995)  and α5-integrin (Pierini et al., 2000) from the 
lamellipodia region to the cell rear was observed.  Additionally in the latter study 
by Pierini et al., an endosomal recycling compartment localised behind the 
leading lamella was identified which was responsible for polarised α5 recycling 
during polymorphonuclear neutrophil migration (Pierini et al., 2000).  Although 
the accumulation of integrins at the cell rear and loss from the cell front may be 
indicative of back to front integrin trafficking, the techniques employed (although 
highly innovative) did not quantitatively measure polarised recycling (Lawson & 
Maxfield, 1995; Pierini et al., 2000).    
Clearly, studies in both fibroblast- and neutrophil-derived cell lines propose a 
role for polarised recycling of cell adhesion molecules during cell migration.  
One hypothesis which can be formed from the aforementioned observations is 
that polarised trafficking of cell adhesion molecules regulates cell migration 
through polarised endocytosis of integrins (and potentially other FA 
components) at the cell rear as FAs undergo disassembly.  This endocytosis is 
then coupled to a polarised endosomal recycling pathway leading to delivery of 
recycled integrins to the leading edge where they can be incorporated into 
newly formed FAs.  This hypothesis would support a role for polarised trafficking 
in cell migration as it would facilitate detachment of the cell rear from the 
substrate but also aid in anchoring newly formed membrane protrusions at the 
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leading edge, aiding in cell motility.  However, an important observation was 
made in the study by Palecek et al., (1996) which questions the relevance of 
cell adhesion molecule recycling in cell motility (Palecek et al., 1996).  This 
study used an anti-β1 antibody (validated to not affect adhesions) conjugated to 
photo-activateable caged carboxy-fluorescine to observe integrin dynamics in 
randomly migrating chick skeletal muscle cells.  Fluorophores were selectively 
activated at the rear of migrating cells by UV light passing through a pin-hole to 
activate fluorophores within a 10µm circle at the adherent plasma membrane.      
They determined that approximately 80% of the total amount of photo-activated 
anti-β1 bound integrin remained attached to the ECM in a trail behind the cells 
(Palecek et al., 1996).  This would suggest that β1-integrin undergoes a high 
level of biosynthesis during cell migration to replace β1-integrin left attached to 
the substrate.  This may indicate that a large proportion of intracellular β1 
integrin containing vesicles are actually derived from the biosynthetic trafficking 
pathway rather than recycling.  This hypothesis may be supported by data from 
other laboratories where inhibition of protein biosynthesis has been shown to 
severely alter the migratory phenotype of motile fibroblasts (Bershadsky & 
Futerman,  1994; Prigozhina & Waterman-Storer, 2004).   
As described in section 1.7 differences in migratory stimulus and cell line are 
factors which can affect polarised trafficking.  Another factor which has been 
shown to influence polarised trafficking within a single model is the substrate 
upon which the cells migrate/are plated.  Kamiguchi et al., (2000), demonstrated 
in chick DRG cells, that post-endocytosis the cell adhesion molecule L1 
underwent polarised endosomal recycling in a manner dependent on substrate 
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(Kamiguchi et al., 2000).  In cells plated on laminin, L1 was recycled locally to 
the distal axonal shaft and central domain of the growth cone.  However L1 can 
function as both a ligand and a receptor, and homotypic L1-L1 interactions 
promote axonal growth in vivo.  When DRG cells were plated on a chimeric 
protein made from the Fc region of human IgG and the extracellular domain of 
human L1, L1 trafficking was polarised to the peripheral zone (an actin rich 
lamellipodial and filopodial region).  Therefore, this study demonstrates both 
polarised recycling of adhesion receptors during growth cone remodelling and 
the importance of cell substrate on polarisation of vesicle trafficking pathways.   
Evidently, vesicle trafficking has an important function during epithelial cell 
migration (Mammoto et al., 1999, Prigozhina and Waterman-Storer, 2006), the 
extent to which vesicle trafficking is polarised during epithelial cell migration has 
not been well researched.  As epithelial wound healing is such a physiologically 
important process, further research into the role of vesicle trafficking and the 
extent to which it is polarised during collectively motility is a question requiring 
further investigation.  
 
1.11 Biosynthetic secretory pathway 
The biosynthetic secretory pathway is a mechanism through which newly 
synthesised molecules are transported to the plasma membrane.  Newly 
synthesised proteins are transported to the endoplasmic reticulum where they 
are correctly folded and undergo post-translational modification.  They are then 
transported to the Golgi where they pass through the various cisternae and are 
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packaged into vesicles for secretion at the trans-most cisternae (Figure 1.5).  
Several hypotheses have been made that suggest a function for exocytosis of 
newly synthesised biosynthetic cargo in cell migration, such as supplying 
membrane to the leading edge for pseudopod formation and in regulation of 
membrane tension and surface area (Traynor & Kay, 2007). 
Interest in polarised post-Golgi trafficking arose in 1962, when studies 
performed in giant HeLa cells not undergoing directed motility, demonstrated 
exocytosis polarised to the cell circumference (Marcus, 1962).  This report 
followed the expression and localisation of the Myxovirus Hemagglutinin (HA) 
protein over time through microscopy, analysing binding of red blood cells to 
Myxovirus infected giant HeLa cells.  Although RBC binding to HA was 
eventually observed across the entire surface of infected cells, at early time 
points it selectively occurred at the cell periphery.  This was followed 
subsequently in 1981, when re-orientation of the Golgi between the nucleus and 
leading edge was observed in migrating ECs (Gotlieb et al., 1981).  In later 
studies, polarised secretion of labelled marker proteins was directly observed in 
migrating cells.  A temperature sensitive mutant of the vesicular stomatitis virus 
G-protein (VSVG) was employed in a study performed in normal rat kidney 
(NRK) fibroblast cells (Bergmann, Kupfer, & Singer, 1983).  In these 
experiments, VSVG was found towards the leading edge of fixed NRK cells in a 
wound healing assay.  Importantly, by performing immunocytochemistry on cells 
without permeabilisation, cell-surface VSVG was selectively labelled, 
unequivocally demonstrating plasma membrane association of proteins post-
exocytosis (Bergmann, Kupfer, & Singer, 1983).  Recent work has supported 
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these findings in live cells using TIRF microscopy (Schmoranzer, Kreitzer, & 
Simon, 2003). 
Further, evidence highlighting the importance of Golgi localisation and secretion 
in both generation of a polarised phenotype and steady-state migration has 
recently been identified (Yadav, Puri, & Linstedt, 2009).  This study examined 
the function of golgins (proteins localised to the cytoplasmic surface of Golgi 
membranes and implicated in Golgi positioning) during wound healing in HeLa 
cells.  The group found siRNA targeting golgin prevented polarised secretion to 
the wound edge and an inability of the cells to polarise and effectively heal the 
scratch wound.  This evidence certainly implies synthesis of protein and its 
polarised post-Golgi secretion as an important factor in cell migration.  Work by 
Bershadsky and Futerman, 1994 examining the role of post-Golgi secretion in 
cell migration used Brefeldin A to disrupt the Golgi apparatus (Bershadsky & 
Futerman, 1994).   Brefeldin A treatment of Swiss 3T3 fibroblasts inhibited 
polarisation, cell migration, affected membrane protrusion and disrupted the 
actin cytoskeleton (Bershadsky & Futerman, 1994).  However, Brefeldin A 
causes non-specific effects, such as tubulation of peripheral organelles such as 
the EE (Klausner, Donaldson, & Lippincott-Schwartz, 1992), indicating changes 
in migratory phenotype may not solely be due to biosynthetic pathway inhibition.  
New insights into post-Golgi trafficking found post-Golgi secretion is dependent 
upon protein kinase D (PKD) for vesicle fission from the Golgi (Liljedahl et al., 
2001; White, Caswell, & Norman, 2007).  Blocking this biosynthetic secretory 
pathway by expression of a dominant negative mutant (PKD(K618N)) inhibited 
lamellipodial activity at the leading edge, retrograde flow, and decreased motility 
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in Swiss 3T3 fibroblasts (Prigozhina & Waterman-Storer, 2004).  However it 
must be noted that PKD has also been implicated in regulation of endosomal 
recycling via the Rab4-dependent trafficking pathway (Woods et al., 2004).  
Therefore studies where perturbations on PKD activity have been made may 
also be affecting Rab4-dependent trafficking.  None the less, there are clear 
indications of a function for the biosynthetic pathway in generation of a 
polarised phenotype and persistent migration.  Obviously, identifying a specific 
role for the biosynthetic secretory pathway is complex, as inhibition of this 
pathway affects trafficking of numerous newly synthesised proteins.  However 
the biosynthetic secretory pathway is likely to play an important role in cell 
migration, conversion of proto-oncogenes to oncogenes by genetic mutations 
can lead to up-regulation of proteins such as matrix metalloproteinases and 
growth factor receptors in some tumour cells, facilitating increased 
dissemination and metastasis in vivo (Friedl and Wolf, 2003).  
 
1.12 Focal adhesions and cell migration 
Adhesion of cells to an ECM is fundamental for many physiological processes, 
but is particularly relevant for effective cell migration.  Adhesion of the adherent 
plasma membrane of cells to the ECM occurs via FAs.  FAs are multi-protein 
complexes, their composition varying dependent upon external cues, however 
only a few proteins will be discussed here (Petit & Thiery, 2000).  A key 
component of FAs are integrins.  Integrins are dimers of α and β – 
transmembrane protein subunits (Figure 1.8).  Both α and β subunits have large 
extracellular domains that participate in binding to immobilised ligands in protein 
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substrates (e.g. fibronectin, laminin, collagens, vitronectin) in the ECM, and a 
small cytoplasmic domain that anchors the protein to the cytoskeleton through 
various scaffolding proteins. 
Once the cytoskeleton is mechanically coupled to the ECM, integrins are 
capable of bi-directional signalling (known as inside-out and outside-in) allowing 
transmission of biochemical and mechanical signalling at the plasma membrane 
facilitating cell functions such as adhesion, division, growth and differentiation 
(Calderwood, 2004).  Inside-out signalling is stimulated by many agents 
including protein kinase C (PKC), phosphoinositide-3-kinase, chemoattractants 
and calcium ionophores (reviewed in Kolanus & Seed, 1997).  Once activation 
signals are received, talin (an actin binding protein that links integrins to the 
cytoskeleton (Gingras et al., 2010; Goult et al., 2009) binds to the cytoplasmic 
tail of the β-subunit, mediating a conformational change that increases the 
affinity of the integrin to its ECM ligand, facilitating increased adhesion 
(Calderwood, 2004). 
Additionally, integrins are capable of outside-in signalling.  This occurs when an 
integrin binds to its ligand in the ECM and initiates clustering (Ingber, 2003).   At 
this point, the inside-out and outside-in signalling pathways converge, and 
formation of large multi-protein FAs is initiated.  Initially, talin is recruited to 
individual integrins and small integrin clusters to form nascent FAs.  As a link 
between the ECM and cytoskeleton has been made, these nascent FAs aid in 
mechanosensation of the external environment, and depending upon tension, 
can begin to mature into larger FAs by recruitment of signalling molecules and 
scaffolding proteins (Ingber, 2003).  Further recruitment of scaffolding proteins 
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Figure 1.8. Focal adhesion structure.  (A) Diagram showing formation of 
a nascent focal adhesion. (B) Shows the structure of a mature focal 
adhesion.  FAK = focal adhesion kinase, Pax = paxillin and Vinc = 
vinculin. 
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such as paxillin forms additional links between integrins and the cytoskeleton 
(Mitra, Hanson, & Schlaepfer, 2005).  This in turn leads to recruitment and 
phosphorylation of focal adhesion kinase (FAK) (Calalb, Polte, & Hanks, 1995).
Phosphorylated FAK binds to another cytoplasmic scaffolding protein called 
vinculin that cross links actomyosin stress fibres, binding them to focal contacts 
(Pasapera et al., 2010).  As contacts mature into FAs, further recruitment of 
actomyosin binding scaffolding proteins α-actinin and zyxin occurs (Figure 1.8) 
(Mitra, Hanson, & Schlaepfer, 2005).  Members of the Src family kinases 
(SFKs) are also localised to FAs and are implicated in migration (Figure 1.8) (Li, 
Okura, & Imamoto, 2002).  SFKs are known to be involved in regulating FA 
dynamics during cell migration and have been suggested to exert effects via 
phosphorylation of Src by FAK, which in turn mediates further phosphorylation 
of FAK (Calalb, Polte, & Hanks, 1995).  This then leads to phosphorylation and 
recruitment of other scaffolding proteins (Huveneers & Danen, 2009). 
During cell migration, focal complexes have been shown to assemble at the 
migrating front, and disassemble at the trailing edge, as the cell migrates.  
(Caswell, Vadrevu, & Norman, 2009; Lauffenburger & Horwitz, 1996; Valdembri 
et al., 2009).  FAs are likely to function as traction points for the propulsive 
forces which move the cell body in the direction of migration (Webb, Parsons, & 
Horwitz, 2002).  Nascent FAs are believed to function during rapid movement, 
whilst mature FAs are thought to aid in generation of contractile force by 
actomyosin based contractions (Webb, Parsons, & Horwitz, 2002). 
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Several mechanisms have been suggested for regulation of FA dynamics with 
particular focus on regulation of FA disassembly during cell migration. Three 
main mechanisms of FA disassembly have been suggested, as seen in Figure 
1.9.  Firstly, disassembly of FAs occurring at the cell rear and subsequent 
internalisation of FA components (Fig. 1.9a) (Chao & Kunz, 2009; Ezratty et al., 
2009).  Secondly FAs remaining tightly bound to the ECM  are “ripped” out of 
the trailing edge of migrating cells (Fig.1.9b) (Palecek et al., 1996).  Finally, a 
mechanism suggested by Ballestrem et al., 2001 where FAs undergo 
disassembly and passively diffuse away from the FA site (Fig 1.9c) (Ballestrem 
et al., 2001). 
Reports from many groups have suggested a role for endocytosis as an integral 
factor in FA disassembly.  The most widely studied FA protein used to observe 
FA dynamics are integrins.  However, as can be seen in table 1.1, both 
internalisation and subsequent recycling pathways vary dependent upon the 
integrin α and β subunit composition.  However, there is little research 
examining internalisation as a potential regulator of FA disassembly in migrating 
epithelial cells, with the majority of studies being performed in fibroblast derived 
cell lines.  Recent studies from the laboratory of Gregg Gundersen suggest that 
clathrin is required for microtubule induced disassembly of FAs (Ezratty et al., 
2009).  Using siRNA techniques to knock-down clathrin, they found a 
significantly increased number of FAs when using vinculin as a marker for FAs 
(Ezratty et al., 2009).  This group also found CME was responsible for 
internalisation of α5β1 integrin.  Using TIRF microscopy they identified 
recruitment of clathrin to sites of FAs during FA disassembly (phosphorylated 
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Figure 1.9. Mechanisms of focal adhesion disassembly.  (A) 
Disassembly and internalisation of FAs at the cell rear and recycling to the 
cell front.  (B) FAs remain bound tightly to the extracellular matrix and are 
pulled out of plasma membrane.  (C) FAs undergo disassembly then 
passive diffusion through the plasma membrane.  
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FAK (pFAK) and GFP- β1 were used as FA markers).  These results could 
suggest FA disassembly occurs by internalisation of integrins via CME.
However it should be noted, in some of the studies the fibroblasts were not 
motile and in others migration was stimulated by wounding a confluent fibroblast 
monolayer.  This is important as during migration you would expect to see 
increased co-localisation between CME and FAs due to increased FA turnover.  
Additionally, in vivo fibroblasts do not grow in monolayers therefore wounding a 
fibroblast monolayer is not representative of physiological fibroblast migration.  
Also the cells were serum-starved and treated with the microtubule 
depolymerising agent nocodazole, (to increase FA number and enable 
identification of potential co-localisation) which may affect FA dynamics even 
after nocodazole wash out.  Yet, this study has been corroborated by Chao and 
Kunz, 2009 who also found internalisation of β1 integrin and FA disassembly 
dependent upon CME in the human fibrosarcoma HT180 cell line undergoing 
chemotaxis towards foetal bovine serum (FBS) (Chao & Kunz, 2009).  They 
also identified the GTPase dynamin2 as functioning in FA disassembly, 
suggesting a possible role for either dynamin-dependent internalisation in 
mechanical disassembly of FA complexes (Chao & Kunz, 2009).  Moreover a 
function for CME in integrin endocytosis is supported by findings from Le Roy 
and Wrana et al., (2005), who identified the cytoplasmic domains of β-integrins 
contain two conserved NXXY motifs, a known sequence required for CME (Le & 
Wrana, 2005).  This motif has been demonstrated to be important for 
internalisation of β1-integrin (Pellinen et al., 2008). 
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Other internalisation pathways have been implicated in FA disassembly.  
Recent work by Gu et al., suggests that in NIH3T3 fibroblasts and MDA-MD-231 
breast carcinoma cell lines stimulated with platelet derived growth factor 
(PDGF), β3-integrin undergoes internalisation at the ventral cell surface via a 
circular dorsal ruffle.  This indicates macropinocytosis may act as a possible FA 
internalisation mechanism (Gu et al., 2011).   
Together these data show that internalisation of FA components such as 
integrins does occur in migrating cells and evidence described in section 1.10 
confirms that both polarised and non-polarised endosomal recycling of integrins 
has an important function during cell migration.  However none of these studies 
were performed in epithelial cells, thus the role of integrin trafficking as a 
mechanism through which collective epithelial migration is regulated needs 
further study.   
 
1.13 Tight junctions, a role in cell migration 
Cell-cell adhesion is important for many physiological processes, particularly in 
maintenance of epithelial linings, such as the epidermis and during tissue 
remodelling.  Cell-cell adhesion is necessary for the assembly of coherent 
sheets of barrier forming-epithelial cells.  Intercellular junctions undergo 
constant remodelling to regulate paracellular permeability, allow extrusion of 
apoptotic cells and incorporation of newly formed epithelial cells, whilst still 
maintaining barrier function. 
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Cell-cell junction remodelling is a key factor in wound repair.  Upon formation of 
a wound, cellular junctions are severed at the site of injury.  A transient increase 
in proliferation and migration occurs as cells undergo migration to repair the 
injury.  As cell density increases, intercellular junctions are re-assembled 
(Perez-Moreno & Fuchs, 2006).  This study is particularly focused on regulation 
of TJs (cell-cell junctions described in section 1.2).  TJs aid in maintaining 
apical-basolateral polarity, further stabilise cell-cell adhesions and but also 
regulate paracellular permeability and aid in regulation of membrane integrity.  
This study is interested in remodelling of TJs during epithelial wound healing, as 
well as the potential role for endocytosis and vesicle trafficking as a regulator of 
this remodelling process. 
 
1.14 Tight junction structure 
Similar to FAs, TJs are protein complexes, composed of scaffolding, signalling 
and transmembrane proteins (Figure 1.10).  In transmission electron 
microscopy, TJs appear as a fusion of plasma membranes of neighbouring 
cells. Freeze-fracture electron microscopy demonstrates intramembranous 
networks of strands (Staehelin, 1974).  The strands consist of integral 
transmembrane proteins such as occludin, claudin and tricellulin (Furuse et al., 
1993; Ikenouchi et al., 2005; Morita et al., 1999).  Occludin, claudin and 
tricellulin all contain four transmembrane domains, two extracellular loops and 
cytoplasmic N and C termini (Ikenouchi et al., 2005; Krause, 2008; Li et al., 
2005).  The extracellular loops of these proteins undergo polymerisation with 
the extracellular loops of homologous proteins from adjacent cells, forming the 
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characteristic TJ strand (Krause, 2008) (Figure 1.10).  Junctional adhesion 
molecules (JAMs), are single TM proteins which contain an extracellular region 
with two Ig-like domains and an intracellular tail (Liu et al., 2000) also found in 
TJ strands (Niessen, 2007).  These transmembrane domain TJ proteins are 
then linked directly to the actin cytoskeleton via several scaffolding proteins 
(Figure 1.10).  Zonula occludens (ZO), is one such protein which is thought to 
bind to and regulate clustering of occludin and claudin, but also has an F-Actin 
binding domain, stabilising TJ strands by linking them to the actin cytoskeleton 
(Figure 1.10)  (Brennan et al., 2010; Niessen, 2007).  Cingulin, MUPP1 and 
MAGI are other TJ scaffolding proteins, their exact function is yet to be fully 
elucidated, but cingulin has been shown to interact with JAMs, ZO, myosin and 
F-actin suggesting a role for cingulin as a linker between TJ membrane and 
cytoskeleton (Figure 1.10) (reviewed further in Brennan et al., 2010). 
 
1.14 Tight junctions and cell migration 
Disassembly of TJs has been widely implicated as having an important function 
in cell migration.  Cells undergoing EMT significantly alter phenotype, from 
polarised epithelial cells embedded in organized, stratified or single cell layers, 
the cells convert into single fibroblastoid cells capable of locomotion.  A 
hallmark of EMT is disintegration and disassembly of TJs (Zavadil & Bottinger, 
2005).  In fully polarised cells polarity complexes are localised to TJs (Martin-
Belmonte & Mostov, 2008) and are required to maintain apical basolateral 
polarity.  However, loss of these complexes from TJs during EMT has been 
widely implicated in cancer (reviewed fully in Ellenbroek, Iden, & Collard, 2012).  
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Direct links have been made suggesting the TJ protein occludin plays a central 
role in regulation of directional migration in migrating epithelial cells via 
interactions with polarity complexes. Initial work by Osanai, et al., (2007) 
identified over-expression of occludin in AC2M2 mouse breast carcinoma cells 
mediated increased cell spreading indicating a role for occludin in regulation of 
cell migration (Osanai et al., 2007).  Later work by Du et al., (2010) found 
localisation of occludin to the leading edge of migrating MDCK cells 6 hours 
post-wounding.  They showed that this localisation is required for recruitment of 
aPKC, Par 3 and PATJ to the leading edge mediating lamellipodial formation, 
re-orientation of the MTOC and effective wound closure (Du et al., 2010).  
Evidently, TJs and occludin have an important function in the regulation of cell 
migration, potentially through modulation of polarity complexes which mediate 
effects on the actin cytoskeleton. 
 
1.15 Regulation of occludin distribution by endocytosis and trafficking 
Disruption of TJs may play an integral role in regulation of cell motility.  In 
particular, redistribution of the TJ protein occludin, seems to play a key function 
in modulation of cell migration.  Internalisation of occludin has been suggested 
to occur via several pathways, however these mechanisms seem to vary 
depending upon both cell type and occludin internalisation stimulus.  Depletion 
of Ca2+ has been shown to promote disassembly of both AJs and TJs (Ivanov, 
Nusrat & Parkos, 2004).  In T84 epithelial cells undergoing Ca2+ mediated TJ 
disassembly, occludin was shown by immunocytochemistry to co-localise with 
markers of CME whilst inhibition of CME blocked occludin internalisation (CME 
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inhibited by incubation in hypertonic media, a pH drop to pH 5.5 or phenylarsine 
oxide treatment) (Ivanov, Nusrat & Parkos, 2004).  Furthermore, co-localisation 
of occludin with markers of other endocytosis pathways; macropinocytosis and 
caveolar endocytosis was not observed.  Inhibition of these pathways also had 
no effect on Ca2+ mediated occludin internalisation (Ivanov, Nusrat & Parkos, 
2004).  Occludin was found to internalise into Rab5 positive EEs, but also into 
an unidentified intracellular compartment (Ivanov, Nusrat & Parkos, 2004).  
Further studies were performed in rat Sertoli cells, where TGF-β3-stimulated 
internalisation of occludin was mediated by dynamin-dependent pathways  
(Marchiando et al., 2010; Xia et al., 2009). 
Occludin has also been shown to undergo internalisation via caveolar 
endocytosis.  Inhibition of caveolar endocytosis by siRNA and the cholesterol 
sequestering agent filipin, significantly inhibited internalisation of GFP-occludin 
in bEnd.3 endothelial cells stimulated with the cytokine CCL2 (shown to 
promote TJ disassembly) (Stamatovic et al., 2009).  GFP-occludin was shown 
to rapidly cycle back to the plasma membrane, and co-localisation was 
observed with EEA1 positive EEs and Rab4 positive endosomes (Stamatovic et 
al., 2009).  Internalisation of occludin via caveolar endocytosis was further 
corroborated in in vivo studies performed by Marchiando, et al., (2010) in 
isolated mouse jejunum.  Pharmacological inhibition of caveolar endocytosis 
was shown to block tumour necrosis factor (TNF)-induced occludin 
internalisation.  Furthermore, TNF was shown to induce co-localisation of 
occludin with caveolin1 but not clathrin heavy chain or EEA1 (an early 
endosomal marker) (Marchiando et al., 2010). 
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Caveolar and CME are both dependent upon the GTPase dynamin for fission of 
vesicles from the plasma membrane (Doherty & McMahon, 2009).  Marchiando, 
et al., (2010) identified a potential role for dynamin in basal occludin 
internalisation from the plasma membrane, but not in its internalisation during 
TNF stimulation (Marchiando et al., 2010).  Recently occludin has been shown 
to co-immunoprecipitate with dynamin (Liu et al., 2010), and this binding was 
dependent upon the presence of the second extracellular loop of occludin.  
There are discrepancies between the internalisation pathways of occludin, yet 
the extent to which this is due to variances in cell line or internalisation stimulus 
is unclear. 
Little is known about how occludin is trafficked, and through which organelles it 
is recycled both under stimulated and non-stimulated conditions.  Occludin is a 
molecule which undergoes post-translational modification that has been 
demonstrated to regulate its trafficking.  Work by Murakami, Felinski and 
Antonetti (2009), identified a phosphorylation site, ser-490 in the C terminus of 
occludin, which regulates ubiquitination of occludin (Murakami, Felinski, & 
Antonetti, 2009).   
Ubiquitination is a process which regulates transport of protein both from the 
plasma membrane and between membrane compartments (Hicke and Dunn, 
2003).  Proteins can either be mono-ubiquitinated (have one ubiquitin molecule 
attached) or polyubiquitinated (have ubiquitin chains attached) by ubiquitin 
ligase proteins (reviewed in Hershko & Ciechanover, 1998).  This post- 
translational modification enables specific trafficking machinery to recognise 
ubiquitinated cargo proteins and regulate their sorting and trafficking (Hicke & 
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Dunn, 2003).  After VEGF treatment, Murakami, Felinski and Antonetti (2009), 
identified increased interactions between occludin with the E3 ligase Itch, 
explaining increased occludin ubiquitination.  Furthermore, ubiquitinated 
occludin was demonstrated to undergo internalisation mediated by epsin and 
epidermal growth factor receptor substrate 15 (Eps15) (Murakami, Felinski, & 
Antonetti, 2009; Polo et al., 2002).  Epsin and Eps15 are proteins which function 
in internalisation of ubiquitinated proteins from the plasma membrane (Polo et 
al., 2002; Shih et al., 2002).  These data suggest that occludin internalisation 
may be regulated by ubiquitination and interactions with epsin and Eps15.  
However, ubiquitinated occludin was also shown to bind to Hrs (Murakami, 
Felinski, & Antonetti, 2009).  Hrs is a protein that functions at endosomes and 
functions to sort ubiquitinated proteins into multivesicular bodies prior to 
lysosomal degradation (Raiborg & Stenmark, 2002).  Therefore work from this 
group suggests VEGF mediated TJ disruption may be mediated by 
ubiquitination of occludin, leading to its subsequent internalisation and 
degradation; however, these data go no further in elucidation of the specific 
trafficking pathways involved in internalisation of occludin. 
 
1.16 Aims 
There were four main aims for this PhD examining how vesicle trafficking 
functions in regulation of epithelial wound healing:   
 To perform a systematic analysis of the trafficking pathways required 
during directed MDCK migration.   
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 To observe whether trafficking is polarised during epithelial wound 
healing.   
 To identify the role of vesicle trafficking in the regulation of cell adhesion 
structures during epithelial motility, focussing on trafficking of integrins 
and the TJ protein occludin.   
 To examine how occludin is trafficked under baseline conditions to 
maintain occludin plasma membrane homeostasis.  
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CHAPTER 2 
 
METHODS 
2.1 Plasmid constructs 
All constructs were kindly donated or purchased from: 
Table 2.1 Plasmid constructs 
Plasmid Source 
β3-GFP 
Prof. Jonathan Jones - Department of Cell and 
Molecular Biology, Northwestern University Medical 
School, Chicago. USA. 
caveolin1-mCherry 
Prof. Ari Helenius - Swiss Federal Institute of 
Technology Zurich, Zurich, Switzerland. 
caveolin1(Y14F)-GFP Prof. Mark McNiven - Mayo Clinic, Rochester, USA. 
CD63-GFP 
Dr Jyoti. Jaiswal - George Washington University, 
Washington D.C., USA. 
GFP-clathrin 
Dr Alexandre Benmerah - Institut Cochin, Paris, 
France. 
dsRed-clathrin 
(rat light chain a) 
Prof. Thomas Kirchausen - Harvard Medical School, 
Boston, MA, USA. 
GFP-dynamin2(K44A) Prof. Mark McNiven - Mayo Clinic, Rochester, USA 
dynamin2aa-GFP Prof. Mark McNiven - Mayo Clinic, Rochester, USA 
EH29-GFP 
Dr Alexandre.Benmerah -Institut Cochin, Paris, 
France. 
pECFP-Mem Clontech - BD Biosciences Clontech, Palo Alto, CA. 
pEGFP-N1 Clontech - BD Biosciences Clontech, Palo Alto, CA. 
NPY-mRFP 
Dr Jyoti. Jaiswal - George Washington University, 
Washington D.C., USA. 
GFP-occludin 
Prof. Tianyi Wang - Department of Infectious 
Diseases and Microbiology, University of Pittsburgh, 
USA. 
GFP-occludin(DelE2) Prof. Tianyi Wang - Department of Infectious 
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2.2 Cell culture 
MDCK cells were cultured and maintained in culture medium (supplementary 
methods (S.M.1)) in humid conditions at 37ºC with 5% CO2.  Cells were cultured 
in plastic T75 flasks (Corning).  During cell passage, cells were washed in 5ml 
of PBS (Lonza), followed by a 2ml wash with trypsin (S.M.2).  Cells were then 
incubated with 2ml of trypsin for 12-15 minutes at 37ºC with 5% CO2 until the 
cells were dissociated from the plastic. They were then plated in media as 
described above. 
 
2.3 Bacterial transformation 
1µg of DNA (as stated in table in section 2.1) was added to 50µl of MAX 
Efficiency DH5α Competent Cells (Invitrogen) and incubated on ice for 30 
minutes.  The bacteria were then heat shocked in a water bath at 42ºC for 45 
Diseases and Microbiology, University of Pittsburgh, 
USA. 
PKD(K618N)-GFP 
Prof. Vivek Malhotra - The Centre for Genomic 
Regulation, Barcelona, Spain. 
GFP-Rab4(S22N) 
Prof. Mary McCaffery – University College Cork, 
Cork, Ireland. 
GFP-Rab5 Dr Marino Zerial - Max Planck, Dreseden. 
Rab11-GFP 
Dr J. Norman - The Beatson Institute of Cancer 
research, Glasgow, U.K. 
Rab11(S25N)-GFP 
Dr Frances Barr - University of Liverpool, Liverpool, 
UK 
Rab25-GFP 
Dr J. Norman - The Beatson Institute of Cancer 
research, Glasgow, U.K. 
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seconds and then transferred back to ice for a further 2 minutes.  500µl of Luria 
Broth (LB) (Sigma) (S.M.3) was added to the bacteria, and the cells were 
incubated in a shaking incubator at 37ºC for 1.5 hours.  125µl of bacterial mix 
was spread onto an LB agar (Sigma) plate (13cm) containing either kanamycin 
or ampicillin (S.M.4) using a flaming loop.  Plates were incubated inverted 
overnight at 37ºC.  For each bacterial transformation, 2 non-touching colonies 
were picked with a pipette tip and placed in 14ml dual-position snap cap round 
bottomed tube (Falcon) containing 2ml LB broth plus kanamycin/ampicillin (final 
concentration of 50µg/ml or 100µg/ml, respectively) depending on the plasmid 
bacterial resistance gene expressed.  The bacterial mix was then incubated in a 
shaking incubator at 37ºC for 6-8 hours.  200µl of bacterial mix was then 
removed and added to 100ml LB broth (containing antibiotics at previously 
stated concentrations) in a conical flask covered with aluminium foil.  The flasks 
were then incubated in a shaking incubator at 37ºC for 6-8 hours.  The flask 
contents were then split into 2x 50ml plastic centrifuge tubes (Falcon) 
centrifuged at 5000rpm at 4ºC using a Heraeus Labofuge 400R centrifuge 
(Thermo Scientific).  The supernatant was aspirated and the pellets either lysed 
immediately for purification or stored at -20ºC prior to use.  DNA was purified 
with a Qiagen Plasmid Maxi Kit (Qiagen) following manufacturer’s instructions 
and using all kit reagents.  Purified DNA was re-dissolved in 1ml ultrapure 
water.  DNA concentration was measured using a U1800 model 
Spectrophotometer (Digilab Hitachi).  DNA was stored at -20ºC.            
- 60 - 
 
2.4 MDCK cell transfection 
MDCK cells were seeded onto either 35mm glass bottomed MatTek dishes (No. 
1.5 glass thickness and 20mm glass diameter used throughout) (MatTek 
Corporation) or onto 24x24 mm glass coverslips (VWR) in plastic 35mm dishes 
(Corning) or onto 13mm glass coverslips (VWR) in a 24 well plate (Corning) (as 
stated in text) at ~75% confluence.  Cells were transiently transfected 24h post-
plating with the constructs listed in section 2.1, using Lipofectamine 2000 
(Invitrogen).  To increase transfection efficiency, the ratio of Lipofectamine 2000 
to DNA was doubled in all experiments.  In experiments where a single 
construct was expressed 4µg DNA, 20µl Lipofectamine 2000 and 500µl of 
serum free DMEM (SFM) were used per dish, in studies where the cells were 
co-expressing two constructs; 3µg of each DNA, 30µl Lipofectamine 2000 and 
500µl of SFM were utilised per dish.  Per dish; 250µl of serum free media was 
incubated with Lipofectamine 2000 (volume as stated above) for 5 minutes at 
room temperature (RTP).  DNA was diluted in 250µl of SFM (as stated 
previously).  The Lipofectamine 2000 and DNA mix were then combined and 
incubated for 15 minutes at RTP.  500µl of the transfection mix was then added 
to each dish.  Transfected cells were incubated at 37ºC, 5% CO2 in high 
humidity for 24 or 48 hours depending on the construct being expressed.  The 
volume and quantity of reagents were scaled as manufacturer recommends for 
cells plated in 24 well plates. 
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2.5 Rate of migration in a wound healing assay 
MDCK cells were seeded onto MatTek dishes.  Cells were transfected as stated 
in section 2.4.  The monolayer was then wounded with a yellow pipette tip 
forming a 1-2mm wound from the top to the bottom of the dish.  The media was 
removed and replaced with 2ml cell imaging media (CIM) (S.M.5).  Alternatively, 
non-transfected cells were treated with 2ml of 80µM Dynasore (80mM stock 
dissolved in dimethyl sulfoxide (DMSO)) (Sigma) or 1µl/ml DMSO (Fisher 
Scientific) in cell culture media for 30 minutes, wounded and maintained in 2ml 
Dynasore or DMSO containing CIM for the duration of wound healing.  Cells 
were imaged as stated in section (2.13).  For Dynasore-treated cells, the 
percentage of wound area covered after 6 hours was calculated with OpenLab 
5 (Improvision, Coventry, UK).  This was performed for 2 dishes per treatment 
and repeated 3 times.  For cells expressing GFP-tagged mutant constructs, the 
rate of cell migration was calculated in OpenLab 5 using the calliper tool by 
following the mid-point of a transfected cell located within 50µm of the wound 
edge over the 6 hour period.  To measure cell polarisation in cells expressing 
the GFP-tagged constructs or GFP alone the elliptical factor was calculated.  
Using the calliper tool, the longest axis of the cell was measured; the width of 
the cell was then calculated by measuring a line halfway along and 
perpendicular to the longest axis.  A total of ~10 cells per group were analysed 
from 3 or 4 independent experiments and the mean rate of migration calculated.  
All data was then logged into Excel and a Student’s t-test was performed to 
identify statistical significance. 
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2.6 Cholera Toxin B and DiI-LDL uptake assay 
MDCK cells were plated onto glass coverslips in a 24 well plate.  Cells were 
transfected as described in section 2.4.  For the Cholera Toxin Subunit B 
uptake assay: the cells were incubated in 500µl 10ng/ml Cholera Toxin Subunit 
B conjugated to Alexa Fluor 555 (CTxB-AF555) (Invitrogen) in SFM, at 37°C, 
5% CO2 for 30 minutes.  For the DiI-LDL uptake assay: the cells were incubated 
in 500µl 20µg/ml DiI-LDL (Invitrogen) in the aforementioned conditions for 15 
minutes.  Cells were washed 3 times in 1ml PBS, fixed in 4% paraformaldehyde 
(PFA) (S.M.6), washed again 3 times and mounted onto glass slides using 
Hydromount mounting media (Fisher Scientific).  Images were acquired as 
stated in section 2.13.  Using the region of interest (ROI) selection tool in 
ImageJ a region was drawn around the cell membrane and the average CTxB-
AF555 intensity within the cell was measured and recorded in Excel.  The 
background average area was measured and subtracted from the average 
CTxB-AF555 intensity. 
For validation of Dynasore as an inhibitor of dynamin-dependent caveolar and 
clathrin-mediated endocytosis, MDCK cells were plated as previously 
described, treated with 2ml 80µM Dynasore or 1µl/ml DMSO for 30 minutes in 
SFM then treated with CTxB-AF555 or DiI-LDL as above, fixed, imaged and 
analysed as stated previously.  For each experiment 3 separate repeats were 
performed.  A Student’s t-test was performed to ascertain statistical 
significance. 
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2.7 Neuropeptide-Y cargo trafficking assay 
 
MDCK cells were plated onto glass coverslips in a 35mm plastic tissue culture 
dish at approximately 80% confluence.  Cells were co-transfected as described 
in section 2.4.  The cells were washed 3 times in 2ml PBS, fixed in 2ml 4% PFA 
in PBS, the washes repeated and the coverslips mounted onto glass slides as 
stated in section 2.6.  Cells were imaged using epifluorescence microscopy (as 
described in section 2.13) and the intensity of the NPY-mRFP fluorescence 
signal in cells also expressing GFP/PKD(K618N)-GFP was measured using 
MetaMorph software, again the ROI tool was used to outline the cell cytosol.  
The average intensity within the ROI measured as in section 2.6 the average 
background intensity was subtracted from the NPY-mRFP average intensity 
values.  Results are from 3 independent experiments and a Student’s t-test was 
used to identify statistical significance. 
 
2.8 Polarised trafficking assay  
MDCK cells were seeded onto MatTek dishes and transfected as in section 2.4.  
4-6 hours post-transfection the confluent monolayer was wounded as in section 
2.5, 18 hours after wounding the media was removed and replaced with 2ml of 
37ºC pre-warmed CIM.  Cells at the wound edge displaying a fully polarised 
phenotype and obvious lamellipodia were imaged as detailed in section 2.13 at 
37ºC.  In observations of polarised caveolar endocytosis the cell footprint was 
outlined using the pECFP-mem image and divided into 2 regions; the 
lamellipodia and cell rear.  This outline was then superimposed over the 
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caveolin1-mCherry image.  The average caveolin1-mCherry intensity was then 
quantified for both the entire cell and each region.  The average intensity per 
region was normalised against the average intensity of the whole cell volume.  
A Student’s t-test was performed to quantify statistical significance from the 3 
separate experiments. 
In observations of polarised exocytosis of cargo from the Rab11- and Rab25-
dependent pathway exocytic fusion events were analysed using methods 
previously described by Schmoranzer et al., 2000.  The initial stage of 
identification was to run the video and identify potential fusion events, this is 
identifiable as the observation of a vesicle approaching the plasma membrane 
(thus intensity increases) followed by a characteristic “flash” as the vesicle fuses 
with the plasma membrane and fluorescently labelled proteins diffuse laterally 
within the plasma membrane.  However it can be difficult to distinguish these 
events from events were vesicles approach the plasma membrane but do not 
fuse.  Thus, two analytical methods were used to identify a true fusion event.  
The first method utilised NIS Elements line scan analysis tool; a line scan was 
drawn through the potential fusion event (the length of the line was the 
maximum diameter of the fusion event observed).  The intensity values across 
the line scan were measured in each frame in which the fusion event took 
place.  The values were logged in Excel and a graph produced, plotting intensity 
per pixel.  A true fusion event was demonstrated by the line scan graph showing 
a narrow central peak (during the initial fusion event), this is followed by a 
reduction in the peak intensity value and the curve broadening during 
consecutive time frames (due to lateral diffusion).  The second method of 
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analysis utilised the ROI tool.  A circle was drawn around the fusion event 
(again through the frames the event took place) and the total intensity and area 
was recorded and logged in Excel.  The confirmation of a fusion event also had 
to satisfy the second analysis method; in this method a true fusion event was 
confirmed as one where the total intensity remained static but the area of the 
circle increased (again confirming lateral diffusion).  True fusion events were 
counted using the NIS elements count tool.  The cell was divided again into 
lamellipodial region and cell rear and the areas measured.  All true fusion 
events were normalised against the region area and a Student’s t-test used to 
identify a significant difference between the leading and lagging edge of the cell.  
In both the Rab25-GFP and Rab11-GFP studies, fusions in 5 cells were 
measured from a minimum of 3 independent experiments. 
 
2.9 Immunocytochemistry (IC) 
MDCK cells were plated onto glass coverslips in 6 well plates.  The cells were 
transfected as stated in section 2.4.  In studies where IC was performed during 
wound healing the confluent monolayer was wounded as described in section 
2.5 and the cells were allowed to migrate for 5, 15 or 60 minutes.  IC 
experiments in non-treated cells were performed on a confluent MDCK 
monolayer.  In experiments where observations of co-localisation between 
lysosomal compartments and occludin were measured, a confluent monolayer 
of cells were treated with 2ml of either 250nM Bafafilomycin A (BafA) 
(Calbiochem) (made from 10µg/100µl BafA stock dissolved in DMSO)) or 
1.53µl/ml DMSO (control) diluted in cell culture media (S.M.1) for 3 hours in 
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humid conditions at 37ºC with 5% CO2 prior to IC.  In all experiments the cells 
were then washed 3 times in 2ml of PBS, fixed in 2ml of 4% PFA, the washes 
repeated then the cells were permeabilised for 7.5 minutes in 2ml of 
permeabilisation buffer (S.M.7) then the washes repeated.  Cells were then 
blocked for 1 hour in 2ml of goat serum (GS)/bovine serum albumin (BSA) 
blocking buffer (S.M.8).  The lid of the 6 well plate was covered with Parafilm 
(Alcan Packaging).  Primary antibodies were diluted as stated in S.M.30 in GS-
BSA block buffer to produce a final volume of 250µl per coverslip.  A 250µl spot 
of primary antibody mix was pipetted onto the Parafilm (one spot per coverslip).  
The coverslips were then removed from the well and placed cell-side down in 
the spot.  The coverslips were incubated in a sealed moist box in the dark for 1 
hour.  The coverslips were removed and placed back in their original wells and 
washed 3 times in 2ml of PBS.  The lid from the 6 well plate was re-covered 
with Parafilm and spotted with 250µl of secondary antibody mix (secondary 
antibodies were diluted as stated in S.M.30 in GS-BSA block buffer to produce 
a final volume of 250µl per coverslip).  Coverslips were removed and incubated 
as stated previously for 1 hour.  Cells were washed 3 times in PBS and 
mounted onto glass slides as detailed above using Vectashield with DAPI 
(Vector Labs).  Cells were imaged as described in section 2.13.   
Image analysis in IC studies: 
Occludin and ZO1 localisation during wound healing   
Occludin and ZO1 localisation was quantified in NIS-Elements by placing four 
equally spaced points across the width of the lamellipodium.  Line scan analysis 
was made at each of these points from the lamellipodium-cell boundary to the 
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leading edge. Data was transferred to Microsoft Excel and analysed by 
subtracting the background (lowest) pixel intensity from the pixel of the highest 
intensity.  15 cells from 3 independent experiments were analysed.  
 
Co-localisation between Rab5-GFP and occludin  
In studies examining co-localisation of endogenous occludin with Rab5 positive 
endosomal compartments analysis was performed in NIS elements using the 
automated ROI tool to outline the region of maximal intracellular Rab5 staining, 
apart from the entire cytosol.  Subsequently a Pearson’s coefficient comparing 
the Rab5 and occludin signals in the region was obtained.  A minimum of 20 
cells for each condition were analysed from 3 separate experiments.   
 
Co-localisation between CD63-GFP and occludin 
Occludin co-localisation with CD63-GFP in the presence of either BafA or 
DMSO was quantified as follows: the Z-stack slice containing the most 
intracellular punctate occludin stained structures was analysed using the 
automated ROI tool in NIS Elements to select the entire cytosol excluding the 
cell-cell junction staining.  Subsequently a Pearson’s coefficient comparing the 
CD63-GFP and occludin signals in the region were obtained.  A total of 19 cells 
were analysed from 3 independent experiments. 
 
Co-localisation between NPY-mRFP and occludin   
Occludin co-localisation with NPY-mRFP was analysed using NIS Elements as 
follows: from the NPY-mRFP channel 20 punctate structures from each cell 
- 68 - 
 
were outlined using the ROI function.  These outlines were then superimposed 
over the occludin stained image.  The number of NPY-mRFP outlines which co-
localise with occludin positive regions were counted.  For the control, these 
regions were moved from NPY-mRFP puncta and again co-localisation with 
occludin was counted.  A total of 13 cells from 3 independent experiments were 
analysed.  In all of the aforementioned experiments the results were logged into 
Microsoft Excel and a Student’s t-test was performed to assess statistical 
significance. 
 
2.10 Localisation of GFP-occludin and GFP-occludin(DelE2) in migrating 
MDCK cells 
 
MDCK cells were plated onto glass coverslips in 35mm plastic dishes.  Cells 
were transfected as in section 2.4.  The confluent monolayer was wounded as 
described in section 2.5.  Following 1 hour of migration, the wounded monolayer 
was washed 3 times in 2ml of PBS, fixed in 2ml of 4% PFA in PBS and 
mounted with Hydromount mounting media.  Cells were imaged as detailed in 
section 2.13.  GFP-occludin and GFP-occludin(DelE2)  localisation was 
quantified as described in section 2.9.  Results obtained from 3 independent 
experiments. 
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2.11 BafA inhibition of lysosomal acidification and co-localisation of 
LysoTracker with CD63-GFP 
MDCK cells were plated onto 35mm MatTek dishes.  To observe co-localisation 
between markers of late endosome/lysosomal compartments with LysoTracker 
cells were transfected as stated in section 2.4 prior to experimentation.  In both 
studies, 24 hours post-plating media was removed and replaced with 2ml cell 
culture media (S.M.1) plus 75nM LysoTracker Red DND-99 (in lysosomal 
acidification assays 250nM BafA or 1.53µl/ml DMSO was added to the 
LysoTracker media mix).  The cells were incubated for 2 hours in humid 
conditions at 37ºC with 5% CO2.  The media was removed and the cells washed 
3x2ml in 37ºC CIM.  Cells were maintained at 37ºC in CIM and imaged as 
described in section 2.13).   
 
2.12 Co-localisation of focal adhesions with caveolin1 and clathrin  
MDCK cells were plated onto 35mm MatTek and co-transfected as described in 
section 2.4.  The confluent monolayer was wounded as stated in section 2.5 18 
hours prior to imaging and maintained at 37ºC, 5% CO2 in humid conditions.  
Just before imaging, media was removed and replaced with CIM (pre-warmed 
to 37ºC).  Single still images of transfected cells at the wound edge were 
acquired as described in section 2.13.  Image analysis was performed in Nikon 
NIS-Elements AR.  For the quantitative analysis, the cells were divided into 
front, middle and back regions in the direction of migration.  All FAs in each 
region were outlined using the ROI function.  These ROIs were transferred into 
the caveolin/clathrin channel and the percentage of ROIs that co-localised with 
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the endocyosis markers was calculated.  For the control to check for random 
alignment of the markers, the same ROIs used to outline FAs were moved to 
areas of the cell were no FAs were detected and the presence of 
caveolin1/clathrin/dynamin in the ROIs was scored.  A total of 10 cells from 3 
independent experiments were analysed for each condition.  A Student’s t-test 
was used to determine statistically significant co-localisation. 
 
2.13 Image acquisition 
Wound healing (section 2.5), CTxB-AF555 and DiI-LDL internalisation (section 
2.6) and NPY-mRFP cargo trafficking assays (section 2.7) were imaged using 
an inverted Nikon TE300 epifluorescence microscope (Nikon).  Wound healing 
studies were imaged with a 10x CFI Plan Apo Lambda (0.45 NA) air objective 
(Nikon), and CTxB-AF555, DiI-LDL and and NPY-mRFP trafficking assays were 
imaged with a 60x CFL Plan Apo (1.40 NA) oil objective.  The microscope 
system was placed in an Okolab incubation chamber set at 37°(Okolab).  Using 
a Red/Green/Blue multiband emission filter with excitation toggled between red 
and green with a Ludl filter wheel.  In wound healing assays a brightfield and 
fluorescence image was taken every 10 minutes for 6 hours.  For CTxB-AF555, 
DiI-LDL and NPY-mRFP trafficking studies, brightfield and fluorescence images 
were taken of live cells (CTxB-AF555 and DiI-LDL) or fixed cells (NPY-mRFP).  
Acquisition and editing software used was Openlab 5.0 and ImageJ 1.42q 
(National Institute of Health).   
- 71 - 
 
TIRF microscopy was used to image polarised trafficking studies (section 2.8) 
and co-localisation between FAs and markers of endocytosis (section 2.12).  
Cells were imaged using a Nikon A1 TIRF confocal system with the Nikon 
Eclipse Ti inverted microscope utilising illumination through the microscope 
objective (CFL Plan Apo 60x NA 1.49, Nikon). The microscope system was 
placed within an enclosed microscope incubator (Okolab) set at 37°C for live 
cell imaging.  For imaging polarised caveolar endocytosis and co-localisation 
between FA markers and markers of endocytosis, single TIRF and brightfield 
single images were taken of live cells.  In studies where polarised exocytosis 
was imaged, cells were imaged as described previously by Schmoranzer et al., 
2000 and Lampson et al., 2001; taking TIRF images every 100-200 ms for 15 
minutes.   
In all IC (section 2.9), occludin localisation (section 2.10) and LysoTracker 
experiments (section 2.11) confocal imaging was used.  This was also 
performed on the A1R inverted confocal microscope using the microscope 
objective (CFL Plan Apo 60x NA 1.49, Nikon).  In studies where co-localisation 
between endogenous occludin and GFP-Rab5/CD63-GFP/NPY-mRFP was 
measured a Z-stack with 500nm increments was performed on each cell 
imaged.  In all other confocal experiments a brightfield and confocal image were 
taken of each cell.   
For both TIRF and confocal microscopy all GFP constructs and Alexa Fluor 488 
conjugated secondary antibodies were imaged following excitation with the 
488nm line of an Argon-Ion laser 457-514nM, pECFP-mem and DAPI were 
imaged after excitation with a Violet Diode laser 400-405nm. All RFP 
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constructs, dsRed-clathrin, Alexa Fluor 568 conjugated secondary antibodies, 
and LysoTracker Red DND-99 probes were imaged after excitation with Green 
Diode 561nm laser.  The camera utilised to acquire images was a 12-bit CCD 
(Ixon 1M EMCCD camera controlled by NIS Elements).  
TIRF and confocal systems were controlled by Nikon Elements AR version 
3.1/3.2.  Analysis of time lapse sequences and still frames was completed using 
NIS-Elements AR version 3.1 (Nikon), Elements AR version 3.2 (Nikon), ImageJ 
1.42q and Microsoft Excel. 
 
2.14 Western blot protocol 
Western bots were performed using the Mini-Protean Tetra Electrophoresis 
System (BioRad) all acrylamide gel details, running, transfer and TBST buffer 
recipes are as listed in the supplementary figures.  Acrylamide gels were mixed 
to percentage as stated in relevant section (recipe S.M.9).  Before use all 
combs, glass spacer plates and short glass plates (all BioRad) were cleaned in 
70% ethanol (Fisher Scientific).  The plates were inserted into the clamping 
frame (BioRad) then placed in the casting frame (BioRad).  The combs were 
inserted and a marker line was drawn 2cm below the bottom of the comb, to 
mark where the resolving gel should be poured to.  Approximately 7ml of 10% 
resolving gel was then poured to this line, 70% ethanol was poured on top of 
the resolving gel to ensure the gel front is straight.  Once this had solidified 
(approximately 20 minutes), the ethanol was removed and blotted off with filter 
paper.  5ml of 4% stacking gel was poured on top of the resolving gel and the 
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comb inserted.  Gels were left at RTP for approximately one hour to ensure the 
gel was completely set, the lanes were rinsed in running buffer (S.M.10) using a 
50ml syringe and needle; any lanes that needed straightening were 
straightened with a gel loading tip.  The gel/gels were then inserted into the 
electrode chamber so that the wells faced inwards, if only one gel was being run 
the buffer dam (BioRad) was used to form the chamber.  The inside of the 
chamber and the outside of the tank were then filled with running buffer 
(S.M.10).  To each gel 15µl of PageRuler Plus Prestained Protein Ladder 
(Fermentas), was loaded into a lane using gel loading tips.  The samples were 
then loaded as stated specifically in text.  The gels were run at 180V for 
approximately 1.5 hours using a PowerPac Basic Power Supply (BioRad) power 
pack.  Once the dye front had reached the bottom of the gel, gels were removed 
from the tank, opened and the stack cut off.  0.5µm Immobilon-P PVDF 
Membrane (Millipore) was cut to size and activated with 100% methanol (Fisher 
Scientific) for 30 seconds.  The blotting filter paper and sponges were soaked in 
ice cold transfer buffer (S.M.11).  The blotting cassette from the Mini Trans-Blot 
Cell (BioRad) was immersed in transfer buffer, clear plastic side down and 
sandwiched as follows: sponge, filter paper, PVDF membrane, gel, filter paper 
and sponge, a plastic centrifuge tube was then rolled over the sandwich to 
remove bubbles before the black other half of the blotting cassette was closed.   
The cassette/cassettes were then inserted into the Mini Trans-Blot Cell 
(BioRad) (black side of the cassette facing black wall of the cell) the cell was 
filled with ice cold transfer buffer as recommended by manufacturer.  The entire 
tank was set on ice and transferred for 1 hour at 400mA using the PowerPac 
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Basic Power Supply. After transfer, membranes were incubated in 5ml of 
Ponceau S Stain (Thermo Scientific) for 30 seconds to see the protein bands 
(confirmation of transfer of protein onto the PVDF membrane) then washed in 
50ml TBST (S.M.12) on a rocker 2x 2minutes.  The membrane/membranes 
were then blocked in 20ml TBST-Marvel block buffer (S.M.13) for 1 hour and 
probed with primary and secondary antibody as specifically stated in figure 
legends.  Membrane/membranes were washed 4x5minutes in TBST after both 
the primary and secondary incubations.  The membrane/membranes were 
blotted dry with tissue in preparation for chemiluminescent detection of proteins. 
Detection reagents 1 and 2 from ECL Western Blotting Substrate Kit (Pierce) 
were mixed in a 1:1 ratio, making up a total volume of 2ml per membrane.  The 
membrane\membranes were incubated in the ECL reagent for 2.5 minutes on 
each side of the membrane, and the excess reagent blotted from the 
membranes using tissue.  The membranes were wrapped in cling film and 
taped into a developing cassette so that the protein side faces outward.  X Ray 
film (Scientific Laboratory Supplies) was inserted into the developing cassette 
and exposed to the membranes for exposure times varying from 1 second to 6 
minutes to ensure correct levels of exposure. The film was developed using a 
CURIX 60 XoGraph machine (AGFA). 
 
2.15 Cell-surface biotinylation assay  
MDCK cells were plated into a 6 well plate (Corning).  In studies where plasma 
membrane localised endogenous occludin and GFP-occludin was measured 
cells were transfected as described in section 2.4 and serum starved in 2ms 
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SFM for 1 hour prior to the assay.  In experiments where occludin localisation at 
the plasma membrane was measured in the presence of inhibitors of protein 
biosynthesis, cells were incubated for 0, 30, 60, 120 or 240 minutes in 2mls 
SFM containing either 1µl/ml DMSO (control) or 10µM cycloheximide (CHX) 
(stock 10mg/ml dissolved in DMSO) (Sigma).  In treatments 0, 30 and 60 
minutes the cells were pre-incubated in 2ml SFM so that in these conditions 2 
hours serum starvation occurred before biotinylation.   
In both studies cells were then washed in ice cold PBS.  The reagents were 
prepared according to the manufacturer’s instructions (Pierce).  The cells were 
incubated with 1ml of Sulfosuccinimidyl-2-(biotinamido)-ethyl-1,3’-
dithiopropionate (Sulfo-NHS-SS-Biotin) solution on a rotating stage (2x 30 
minute incubations, with Sulfo-NHS-SS-Biotin removed between incubations).  
Cells were quenched in 0.5ml of quenching buffer (5 minutes at 4ºC on a 
rotating stage) (Pierce) then washed 3 times in ice cold PBS.  200µl of ice cold 
1% Triton-X100 lysis buffer (S.M.14) was added to each well, the cells were 
scraped using a cell scraper and transferred into ice chilled plastic microfuge  
tubes.  The lysates were vortexed and lysed on ice for 1 hour (vortexing every 
15 minutes).  The lysates were then centrifuged at 14,000g in a 5417R 
centrifuge (Eppendorf) (used in all plastic microfuge tube and spin column 
centrifugation steps) at 4ºC for 15 minutes.  The supernatant was aspirated and 
transferred to fresh plastic microfuge tubes.  20µl of the lysate was removed for 
a whole cell lysate control; 10µl of 3X Sample buffer (S.M.15) was added and 
the samples were heated at 95ºC for 15 minutes using a digital tubetests heater 
(Palintest).   Spin columns (Pierce) were prepared by adding 100 µl of 
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NeutrAvidin beads (Pierce) using a yellow pipette tip with the tip end cut off.  
The beads were spun at 1000g for 1 minute (all centrifugation steps with beads 
were spun for at 1000g for 1 minute), to remove all suspension liquid.  300µl of 
ice cold wash buffer (Pierce) was added to the columns and the columns then 
centrifuged, this wash was repeated and the spin column capped at the bottom.  
The lysates were added to the spin columns containing the NeutrAvidin beads 
incubated for 16-18 hours on a rotating mixer at 4ºC.  The columns were then 
uncapped and centrifuged as previously stated.  The beads were then washed 
3 times in 300µl of ice cold wash buffer plus Complete-mini protease inhibitor (1 
tablet per 10ml) (Roche), then the column bottom re-capped.  The NeutrAvidin 
beads were incubated with rotational mixing in 3X Sample buffer containing 
50mM dithiothreitol (DTT) for 1 hour.  The spin column was then placed in a 
fresh plastic microfuge tube the top uncapped then the bottom, the tubes 
centrifuged and the eluate collected.  15µl of the whole cell lysates and post-
biotinylation eluate were run on a SDS-PAGE acrylamide (10% gel with 4% 
stack (S.M.9)).  Western blot protocol was then followed as described in section 
2.14.  This experiment was repeated 3 times the Western blot films were 
scanned and quantified using NIS Elements.  To measure band intensity the 
ROI selection tool was used to draw a box around the band and the average 
intensity was measured.  The average background intensity was measured 
using the same ROI box moved to a non-band region in the same lane as the 
band being measured.  To remove background intensity, the average band 
intensity was then subtracted from average band intensity.   
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In the study where plasma membrane levels of GFP-occludin were measured 
and compared to endogenous occludin the difference between GFP-occludin 
average intensity was quantified relative to endogenous occludin average 
intensity.   
Experiments where endogenous plasma membrane localised occludin was 
measured in the presence of cycloheximide, the values were background 
subtracted as described above.  The band intensity value was normalised 
against the time 0 band intensity for either the control or treated cells.  In both 
experimental proceedures the values were obtained from 3 separate 
experiments and a Student’s t-test was performed to determine statistical 
significance. 
 
2.16 Occludin recycling biotinylation assay and Western blot analysis 
For the recycling biotinylation assay MDCK cells were plated onto a 6 well plate.  
24h post-plating the confluent monolayer was serum starved for 1 hour in 2ml 
SFM in the presence of either 1.53µl/ml DMSO (control) or 250nM BafA in 
humid conditions at 37ºC with 5% CO2.  All reagents were prepared according 
to the manufacturer’s instructions (Pierce).  After serum starvation, the cells 
were washed in ice cold PBS 3x2ml.  The cells were incubated with 1ml of 
Sulfo-NHS-SS-Biotin (2x 30 minute incubations, with Sulfo-NHS-SS-Biotin 
removed between incubations) at 4ºC on a rotating stage.  Cells were washed 
3x in 2ml of ice cold PBS, transferred to 2ml SFM pre-warmed to 37ºC 
containing either 250nM BafA or 1.53µl/ml DMSO incubated in humid conditions 
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at 37ºC with 5% CO2 for 0, 5, 15, 30, 60 or 120 minutes.  After the designated 
time points the cells were washed 3x in 2ml ice cold PBS, followed by 3x2ml 
washes with pH 8.6 biotinylation wash buffer (S.M.28).  Cell-surface Sulfo-NHS-
SS-Biotin was then removed by 30 minute incubation at 4ºC with 1ml of 
biotinylation reducing buffer (S.M.29).  The total amount of plasma membrane 
biotinylated occludin, was measured using 2 dishes which were kept on ice 
post-biotinylation and washing, undergoing neither the internalisation period or 
cell-surface reduction.  All treatments were then washed in 3x2ml ice cold PBS, 
the cells were lysed as described in section 2.15.  All further treatment 
(incubation with NeutrAvidin beads, Western Blot etc) was repeated as 
described in section 2.15.  
Western blot films were analysed as described in section 2.15 and the band 
average intensity value was normalised against the average value for the total 
plasma membrane occludin sample for each condition.  Each experiment was 
analysed 3 times and a Student’s t-test performed to identify statistical 
significance. 
 
2.17 Direct coupling of protein G-Sepharose beads to antibodies 
Protein G-Sepharose beads (Sigma) were washed in 10ml of PBS (post-
washing at all stages was followed by centrifugation at 4ºC for 1 minute at 
3000g using a Heraeus Labofuge 400R (Thermo Scientific) and the supernatant 
aspirated) and resuspended in PBS in a 1:1 ratio.  Per 10cm diameter cell 
culture dish of MDCK cells, 90µl of the G-Sepharose (1:1 PBS resuspended) 
beads plus 9µg of either control rabbit IgG (Upstate) or rabbit anti-occludin 
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antibody was used; these values were scaled depending upon the surface area 
used to grow the cells upon.  The beads were resuspended in 5ml of PBS 
mixed with antibody and incubated overnight at 4ºC with rotational mixing.  The 
beads were washed twice with 10ml of 0.2M sodium borate (Sigma) pH 9.0 
(S.M.16) (preheated to 37ºC as the sodium borate can precipitate out of 
solution).  The beads were resuspended in 10ml of 0.2M sodium borate pH 9.0.  
Fresh dimethylpimelimidate (DMP) (Pierce) was added to the beads to give a 
final concentration of 5mg/ml and was mixed by rotation for 30 minutes at room 
temperature.  The cross-linking reaction was stopped by washing the beads 
once with 10ml 0.2M ethanolamine pH 8.0 (Sigma) (S.M.17).  10ml of 0.2M 
ethanolamine pH 8.0 was added to the beads and again rotated for 2 hours at 
room temperature.  The beads were washed in 10ml of PBS, followed by three 
washes with 10ml 0.1M glycine (Fisher Scientific) pH 3.0 (S.M.18) (to remove 
non-covalently linked antibody from the beads),  three further washes in PBS 
were performed and the beads resuspended 1:1 in PBS.  The beads were 
stored at 4ºC and used within 24 hours. 
 
2.18 SILAC Labelling 
MDCK cells were plated onto 10cm plastic cell culture dishes.  The cells were 
cultured in an amino acid deficient DMEM (Thermo) containing 10% dialyzed 
FBS (Thermo), 0.5mg/mL proline (Sigma), 2 mM L-glutamine, 0.1mg/mL 
streptomycin, 0.2U/ml penicillin and either “light” 0.1mg/mL isotopically normal 
(R0K0) L-arginine and L-lysine (Sigma), “medium” (R6K4) 13C6L-arginine and L-
lysine-D4 or “heavy” (R10K8) 13C6
15N4L-arginine and 
13C6L
15N2-lysine (Goss 
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Scientific).  Cells were grown for at least six doubling times prior to use so that 
the MDCK cells fully incorporated the labelled amino acids. 
 
2.19 Bradford Protein Quantification Assay 
A set of protein standards were produced using the Quick Start Bovine Serum 
Albumin Standards (BioRad) 2mg/ml.  Dilutions were made in distilled H2O 
producing BSA protein standards of 25µg/ml, 20µg/ml, 15µg/ml, 10µg/ml, 
5µg/ml, 2.5µg/ml.  As the blank control distilled H2O was used.  150µl of each 
protein standard was added to a 96 well plate (3 repeats of each).  The cell 
lysates being quantified were diluted in distilled H2O at 1:100, 1:250, 1:500 and 
1:800 (a total sample volume of 0.6ml was made).  150µl of each dilution was 
added to the plate (3 repeats of each dilution).  150µl of Bradford Reagent 
(BioRad) was added to wells containing protein standard/cell lysate dilutions.  
The plate was then read using an EMax Precision Microplate Reader (Molecular 
Devices) controlled by SoftMax Version 2.3 for MacOS.  The protein 
concentration of the unknown was calculated from the average values obtained 
from the 1:100 and 1:250 values for greater accuracy. 
 
2.20 Immunoprecipitation of occludin for SILAC 
MDCK cells previously labelled in either “light”, “medium” or “heavy” SILAC 
media were plated into 9x10cm tissue culture dishes (3x each SILAC media 
treated condition).  DMSO was added to 15ml of “light” and “heavy” cell culture 
media to give a concentration of 1.53µl/ml.  A 250nM concentration of BafA was 
made using “medium” media (made from 10µg/100µl BafA stock (dissolved in 
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DMSO)).  All media treatments were pre-warmed to 37ºC prior to use.  Cells 
were washed in 10ml PBS.  5ml of SILAC media plus DMSO/BafA was added 
to the correspondingly plated dishes e.g. “light” media plus DMSO was added to 
the “light” isotope cultured dishes.  Cells were incubated with treatment for 2 
hours in humid conditions at 37ºC and 5% CO2.  DMSO and BafA were made 
up in serum free “light”, “medium” or “heavy” SILAC media as described for the 
2 hour treatment and pre-warmed to 37ºC.  The cells were washed in 10ml PBS 
then 5ml of serum free SILAC media containing DMSO or BafA were then 
added to the cells (again as described previously to corresponding SILAC 
media cultured cells), and incubated for 1 hour in humid conditions at 37ºC and 
5% CO2.  Cells were washed 3 times in 10ml of ice cold PBS.  1ml of ice cold 
0.5% NP40 lysis buffer (S.M.19) was added to each dish of cells.  The cells 
were scraped and pipetted into ice chilled plastic microfuge tubes, sonicated 
using a 200W probe sonicator (LABNET) for 10 seconds and lysed for 45 
minutes.  The cells were spun at 4ºC and 14,000g for 15 minutes using an 
5417R Eppendorf centrifuge.  The supernatant was aspirated and transferred to 
an ice chilled plastic microfuge tube.  A Bradford assay was performed to 
quantify protein (detailed in section 2.19).  Once the amount of protein was 
quantified, the samples were diluted in minimal volumes of 0.5% NP40 lysis 
buffer so that the “light”, “medium” and “heavy” samples were all of equal 
protein concentration.  1.5ml of lysates from the “light”, “medium” and “heavy” 
cultured cells were immunoprecipitated (IP) with 270µl of covalently coupled G-
Sepharose beads (described fully in section 2.17) as follows:  the “light” DMSO 
treated cells were mixed with rabbit IgG covalently linked beads, both the 
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“medium” BafA treated cells and the “heavy” DMSO treated cells were mixed 
with rabbit anti-occludin covalently linked beads.  The tubes were then 
incubated with rotational mixing at 4ºC overnight, the beads were centrifuged as 
stated previously to pellet the beads.    1ml of ice cold PBS was added to the 
tubes containing the beads.  The contents of each tube was removed and 
mixed together in a 15ml plastic centrifuge tube.  The empty tubes were washed 
out with 1ml of ice cold PBS to ensure all beads were removed and again 
added to the 15ml plastic centrifuge tube.  The mixed beads were centrifuged 
as previously stated, the supernatant aspirated and washed a further 2x with 
2ml of PBS.  The beads were resuspended in 0.5ml of PBS and transferred to 
an ice chilled plastic microfuge tube and again centrifuged and the supernatant 
removed.  Proteins were eluted from the mixed beads by adding 100µl of 3x 
sample buffer, vortexing and boiling the beads 95ºC for 15 minutes.  The mixed 
bead eluate was then centrifuged as previously stated and the supernatant 
collected.  Prior to running the samples a pre-poured NuPAGE Bis-Tris 1.5mm, 
10 well 4-12% gradient gel (Invitrogen) was prepared, removing one division 
from between two lanes to make one large lane.  1X NuPAGE Bis-Tris running 
buffer (Invitrogen) was prepared (S.M.20).  All handling of the gel, gel running, 
preparation of buffers, staining and washing was undertaken in a laminar flow 
hood to minimise keratin contamination.  The gel was inserted into an XCell 
SureLock gel electrophoresis tank (Invitrogen) opposite a buffer dam.  The 
running buffer was added following manufacturer instructions.  The gel was 
loaded using gel loading tips with 15µl PageRuler Plus Prestained Protein 
Ladder (Fermentas) in the lanes either side of the enlarged lane.  The enlarged 
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lane was loaded with 60µl of the collected mixed bead eluate.  The gel was run 
at 125V for 1.5hr using a PowerPac Basic Power Supply (BioRad) power pack.  
Once the dye front had reached the bottom of the gel, the gel was cracked 
open, the stacking gel removed and the remaining gel was placed in a new 
clean wash tub and washed in ultrapure H2O 3 times for 5 minutes on a rocker 
(the wash tub only opened in the hood).  All H2O was removed and the gel was 
incubated in 20ml of Imperial Protein Stain (Thermo Scientific) for one hour on 
the rocker.  After the hour, the stain was removed and the gel was de-stained in 
ultrapure H2O for 2 hours, changing the H2O every 15 minutes.  Once the gel 
had been de-stained the lane containing the mixed bead eluate was divided into 
5 sections.  Using a new disposable scalpel for each gel section and the ladder 
as a guide, the lane was divided into sections containing proteins 250-130kDa, 
130-70kDa, 70-35kDa, 35-15kDa and 15kDa-gel bottom.  The gel plugs were 
then sent for in-gel digestion by The University of Birmingham Proteomic Unit 
and subsequent mass spectrometry analysis. 
 
2.21 In-gel digestion (performed by The University of Birmingham 
Proteomic Unit) 
The excised gel samples were sliced into 2 mm3 cubes, and placed in a 96 well  
plate.  The plate was then centrifuged at 1000g for 3 minutes to pellet all of the 
gel plugs.  To ensure accuracy the washes and addition of reagents was 
performed by a Qiagen Biorobot 3000 controlled by Qiasoft4 (both Qiagen).  
acetonitrile (Fisher Scientific), 100mM ammonium bicarbonate (Sigma) (S.M.21) 
and 10mM DTT (Sigma) (S.M.22) (left capped) were added to the 
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corresponding well of the Biorobot and the machine loaded with 300µl tips.  The 
96 well plate containing the plugs was placed on the Biorobot and instructions 
followed on the pre-programmed software.  The first stage was to de-stain the 
gel; 60µl of acetonitrile was added to each plug, shaken for 5 minutes, the 
waste was then drawn from the well.  50µl of ammonium bicarbonate solution 
was added to each well again and shaken for 15 minutes, the waste was then 
removed.  The gel plugs were washed twice in 50µl of ammonium bicarbonate 
solution.  This cycle was repeated if necessary until gel pieces were de-stained.  
The next step was to dehydrate the samples, to each plug 10µl acetonitrile was 
added followed by shaking for 15 minutes, and the waste removed.  50µl of 
ammonium bicarbonate solution was added, shaken for 10 minutes and the 
waste removed again.  10µl acetonitrile was added to each well and the 
samples shaken for 15 minutes and the waste removed.  The plate was then 
transferred to an R3000 Rotovap evaporator (Buchi) set at 45ºC and the 
samples dehydrated for 15 minutes.  The plate was placed back on the Biorobot 
and the DTT cap was removed.  The samples were reduced in 25µl DTT 
solution, placed on a heating block and heated at 60ºC for 15 minutes.  50mM 
2-iodoacetamide (S.M.23) was kept covered in foil, placed in the correct well of 
the Biorobot and uncapped.  The plate was placed back in the Biorobot and 
allowed to cool before alkylation.  The waste was taken and 25µl iodoacetamide 
solution was added to each sample and the plate incubated at RTP in the dark 
for 45 minutes.   The plate was placed back on the Biorobot and the waste 
removed.  The sample was washed in 25µl of ammonium bicarbonate and the 
waste removed.  The samples were then dehydrated by adding 10µl 
- 85 - 
 
acetonitrile, shaking for 15 minutes the waste removed then rehydrated in 50µl 
ammonium bicarbonate, shaken for 10 minutes and the waste taken.  A final 
stage of dehydration was performed; 5µl of acetonitrile was added, shaken for 
15 minutes then the waste removed and the plate then taken back to the 
Rotovap, where the sample was dried completely at 45ºC.  Trypsin (Progold) 
was then made as in S.M.24 and placed in the correct well of the Biorobot.  The 
plate was placed back on the Biorobot and 20µl of the trypsin solution was 
added to each sample then shaken for 20 minutes.  20µl of ammonium 
bicarbonate solution was then added to the sample to neutralise the trypsin.  
The plate was removed, covered with a Qiagen plate cover (Qiagen) and 
hydrolysis allowed to occur as the plate was incubated at 37ºC overnight.  A 
new plate was placed in the left hand part of the BioBot shaker and the original 
plate in the right hand part area, and extraction solution A (S.M.25) added to the 
correct well.  30µl of extraction solution A was added to each original well then 
shaken for 30 minutes.  23µl of sample from the original plates was transferred 
into the corresponding well of the new plate.  Extraction solution B (S.M.26) was 
then added to the correct well of the Biorobot, 12µl of extraction solution B and 
12µl of acetonitrile was added to the original wells and shaken for 30 minutes.  
Again 23µl was transferred from each original well to the corresponding well in 
the new plate.  The new plate was removed and the samples dried at 45ºC with 
the Rotovap (approximately 15 minutes).  Resuspension buffer (S.M.27) was 
added to the correct well of the Biorobot, and the new plate containing the dried 
samples was placed back on the Biorobot shaker.  The samples were then 
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resupended in 10µl of resuspension buffer.  The plate was then covered with a 
Qiagen plate cover and stored at -80º until mass spectrometry analysis. 
 
2.22 Liquid Chromatography mass spectrometry 
5µl of each gel sample (after In gel digestion) were run twice as follows: 
UltiMate® 3000 HPLC series (Dionex) was used for peptide concentration and 
separation. Samples were trapped on uPrecolumn Cartridge, Acclaim PepMap 
100 C18, 5 um, 100A 300um i.d. x 5mm (Dionex) and separated in Nano 
Series™ Standard Columns 75 µm i.d. x 15 cm, packed with C18 PepMap100, 
3 µm, 100Å (Dionex).  The gradient used was from 3.2% to 44% solvent B 
(0.1% formic acid in acetonitrile) (Fisher Scientific) for 30 minutes. Peptides 
were eluted directly (~ 300 nL min-1) via a Triversa Nanomate nanospray source 
(Advion Biosciences) into a LTQ Orbitrap Velos ETD mass spectrometer 
(ThermoFisher Scientific). The data-dependent scanning acquisition was 
controlled by Xcalibur 2.7 software. The mass spectrometer alternated between 
a full FT-MS scan (m/z 380 – 1600) and subsequent collision-induced 
dissociation (CID) MS/MS scans of the 7 most abundant ions. Survey scans 
were acquired in the Orbitrap with a resolution of 30000 at m/z 400 and 
automatic gain control (AGC) 1x106.  Precursor ions were isolated and 
subjected to CID in the linear ion trap with AGC 1x105.  Collision activation for 
the experiment was performed in the linear trap using helium gas at normalized 
collision energy to precursor m/z of 35% and activation Q 0.25. The width of the 
precursor isolation window was 2 m/z and only multiply-charged precursor ions 
were selected for MS/MS.   
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The Mass spectra were quantified with MaxQuant version 1.0.12.31 
software.  Data was searched using the peptide search engine Andromeda 
against the Canis lupus familiaris IPI database.  The database was further 
supplemented with common contaminants such as BSA, keratin and trypsin and 
the reverse-sequenced versions of the same database.  The search parameters 
were set to cleavage enzyme trypsin/P, maximum 2 missed cleavages, 
maximum 5 modifications per peptide, maximum charge 7, peptide tolerance 
20ppm for first search and 6ppm for main search and mass tolerance 0.5 Da. 
Cysteine carbamidomethylation (C) was set as a fixed modification, the variable 
protein modifications were set as oxidation (M), acetylation (Protein N-term), 
S/T phosphorylation (ST), Y phosphorylation (Y) and ubiquitination 
(gly/gly).  The appropriate SILAC labels were selected and the maximum 
labelled amino acids was set to 3.  The results of the database search were 
further processed and statistically evaluated using MaxQuant.  Proteins with at 
least 2 peptides (with one unique the protein sequence) were considered as 
valid identifications.  Ratio alterations were considered a “hit” when the values 
deviated from the median range (identified by a plot of all ratio values).  The 
“hit” classification ratio value were as follows: “heavy” to “light” and “medium” to 
“light” conditions ≥1.8.  In comparing “heavy” to “medium” treated cells a value ≤ 
0.5 identifies proteins which IP with increased frequency in “medium” treatment 
whilst proteins with a ratio value ≥1.4 exhibits increased IP in “light” conditions. 
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CHAPTER 3 
 
THE ROLE OF VESICLE TRAFFICKING IN EPITHELIAL 
CELL MIGRATION 
3.1 Introduction 
Directed cell migration is involved in many pathological and physiological 
processes, and one of the least studied models of cell migration is epithelial 
wound healing.  Ineffective wound healing poses a significant clinical problem.  
Incorrectly repaired tissue can severely affect gas and solute exchange as well 
as the barrier function of the damaged tissue, leading to increased likelihood of 
secondary infection.  In vivo, the final stage of re-epithelialisation is collective 
epithelial cell migration to close the wound.  In vitro, this can be modelled by 
mechanical damage to a monolayer of cultured cells. 
Regulation of directed cell migration is complex and involves numerous cellular 
processes (Ridley et al., 2003) (explained in detail in chapter 1).  One way in 
which these processes may be regulated is through vesicle trafficking.  Vesicle 
trafficking represents a key co-ordinator of both the initial morphological 
changes associated with migration followed by maintenance of this phenotype 
for persistent migration (Fletcher & Rappoport, 2010; Fletcher & Rappoport, 
2009). 
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Many hypotheses have been suggested as to how vesicle trafficking may 
regulate cell migration ranging from trafficking of cell adhesion components 
(Camand et al., 2012; Caswell & Norman, 2006; Chao & Kunz, 2009; Du et al., 
2010; Ezratty et al., 2009; Jekely et al., 2005), to recycling of chemoattractant 
receptors (Bailly et al., 2000; Hopkins et al., 1994) and as means of modulating 
signalling (de Kreuk et al., 2011; Sorkin, 2001). 
Many previous studies have sought to determine a function for specific 
trafficking pathways in cell migration, and have used disparate assay systems 
and cell lines; however, due to cell-cell variability and differing migratory stimuli 
these findings cannot be extrapolated into general understanding (reviewed in 
Fletcher & Rappoport, 2010; Fletcher & Rappoport, 2009).  Therefore the aim of 
this chapter was to produce a single cohesive model to identify a role for vesicle 
trafficking in epithelial cell migration during wound healing.  The vesicle 
trafficking pathways examined in this chapter were the dynamin-dependent 
pathways (CME and caveolar endocytosis), the Rab4- and Rab11-mediated 
recycling pathways and finally the biosynthetic secretory pathway (Figures 1.5 
and 1.6). 
The findings of this study demonstrate inhibition of dynamin-dependent 
internalisation pathways using Dynasore and a dominant negative mutant of 
dynamin2 (Dyn2(K44A)) significantly inhibited epithelial cell migration.  
Interestingly, both CME and caveolar endocytosis inhibition by dominant 
negative mutants reduced the rate of cell motility, however only CME inhibition 
affected the ability of cells to generate a polarised migratory phenotype.  
Specific inhibition of the Rab4- and Rab11-dependent recycling pathways 
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mediated a small but statistically significant reduction in the rate of MDCK 
migration, with no significant effect on the ability of the cells to polarise.  
Intriguingly, inhibition of post-Golgi biosynthetic secretory trafficking had no 
effect on either the rate of cell motility or cellular morphology.  These results 
indicate an important role for both endocytosis and recycling during epithelial 
cell migration; yet the biosynthetic secretory pathway appears to have minimal 
function during collective motility. 
 
3.2 Results 
In all studies, the MDCK epithelial cell line was used as an epithelial model and 
directed migration was initiated by wounding a confluent monolayer of MDCK 
cells plated onto glass.  MDCK cells are an excellent model for epithelial wound 
healing as they have been demonstrated to heal the denuded region by 
collective directed migration, rather than via cell proliferation or actin-mediated 
contraction of the wound edge (Fenteany, Janmey, & Stossel, 2000).  
Furthermore, the scratch wound assay in MDCK cell monolayers is extremely 
well characterised (Castor, 1968; Rappoport & Simon, 2003). 
Transient transfection was used throughout this work.  Therefore initial studies 
to optimise transfection efficiency and cell viability were performed; altering 
transfection reagent and ratio of transfection reagent to DNA.  Using the 
transfection reagent Lipofectamine 2000 and increasing DNA concentration (as 
stated in section 2.4), augmented transfection efficiency to 60-80% whilst still 
maintaining cell viability (data not shown). 
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Preliminary studies were also performed examining cell migration throughout 
the wounded region (comparing the migration of cells 0-100µm from the wound 
edge), it was found that cells within 50µm of the wound edge migrated 
significantly faster than those outside this region (data not shown).  Therefore in 
studies where transient expression of dominant negative mutants was utilised, 
only cells within this 50µm region (which did not undergo mitosis or leave the 
field of view) were measured.  The rate of migration of individual fluorescently 
labelled cells was measured for 6 hours or until the wound closed.  Cellular 
polarisation was measured at time end and the elliptical factors were calculated 
as the length of the cell divided by the width halfway along the longest axis 
(Grande-Garcia et al., 2007). 
 
3.3 Inhibition of dynamin-dependent endocytosis significantly reduces the 
rate of epithelial cell migration 
Dynamin is a GTPase localised to the neck of budding vesicles that mediates 
membrane scission upon GTP hydrolysis (Chappie et al., 2010).  Both CME and 
caveolar endocytosis are dynamin-dependent internalisation pathways however 
there are other pathways in which dynamin may have a role (Figure 1.4) 
(Doherty & McMahon, 2009).  Multiple studies have implicated dynamin-
dependent internalisation in regulation of cell migration in various cell types and 
migratory models (Bruzzaniti et al., 2005; Chao & Kunz, 2009; Kawada et al., 
2009; Macia et al., 2006; Shieh et al., 2011).  Work by Kruchten and McNiven 
(2006), suggest an alternative function  for dynamin in cell migration, acting to 
facilitate membrane expansion, retraction and deformation as well as actin 
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polymerisation (Kruchten & McNiven, 2006).  A useful tool, which has been 
widely validated as a small molecule inhibitor of dynamin-dependent 
endocytosis, is Dynasore (Macia et. al., 2006).  Dynasore functions by inhibiting 
GTP hydrolysis, thus preventing membrane scission of budding vesicles (Macia, 
et al., 2006).  Dynasore has greatly facilitated the analysis of endocytosis in a 
variety of systems (Macia et al., 2006, Chen et al., 2009).  Furthermore, it has 
been previously shown that Dynasore treatment inhibited cell migration (Macia 
et al., 2006). 
To examine the role of dynamin-dependent internalisation during epithelial 
wound healing, cells were treated with Dynasore or as a control, DMSO 
(Dynasore was dissolved in DMSO).  The monolayer was wounded after pre-
treatment and the cells were allowed to migrate in the presence of 
DMSO/Dynasore for 6 hours.  As depicted in Figure 3.1a and 3.1b, MDCK cells 
incubated with Dynasore show a significant reduction (42%) in the percentage 
area of the field of view covered with cells in comparison to DMSO treated 
control cells.  To ensure Dynasore was inhibiting dynamin-dependent 
internalisation pathways, cargo uptake assays were performed using cargo 
known to undergo endocytosis via either CME or caveolar endocytosis 
pathways (both dynamin-dependent).  To demonstrate the ability of Dynasore to 
inhibit CME, a low density lipoprotein (LDL) uptake assay was performed.  LDL 
is a lipoprotein which binds to LDL receptors and has been demonstrated to 
undergo internalisation specifically via CME (Brodsky, 1988; Chen, Goldstein, & 
Brown, 1989) and has been used widely as a marker of clathrin coated pits
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Figure 3.1. Inhibition of dynamin-dependent endocytosis reduces 
the rate of MDCK epithelial cell migration.  MDCK cells were pre-
incubated with 80µM Dynasore or 1µl/ml DMSO for 30 minutes, 
wounded and imaged, a brightfield image was taken every 10 minutes 
for 6 hours.  (A) A brightfield image of control and Dynasore treated 
cells in a wound healing assay (white line indicates wound edge at time 
0). (B) Quantification of Dynasore effect on wound healing (n=3 
repetitions).  Dynasore significantly inhibited cell migration rates relative 
to control (p<0.001).  
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(Ehrlich et al., 2004; Keyel et al., 2006).  In this study LDL receptor 
internalisation was imaged using LDL conjugated to a DiI fluorescent probe. 
To validate Dynasore as in inhibitor of caveolar endocytosis, a Cholera Toxin B 
subunit (CTxB) uptake assay was performed.  CTxB binds to the GM1 
ganglioside localised in caveolae (Orlandi & Fishman, 1998; Singh et al., 2003).  
CTxB has been shown to undergo internalisation preferentially by caveolar 
endocytosis (Orlandi & Fishman, 1998) and has been used widely as a marker 
of caveolar endocytosis (Ferrari et al., 2003).  To examine CTxB internalisation 
by microscopy; CTxB conjugated to Alexa Fluor 555 was utilised.  
Internalisation of both CTxB and LDL was quantified by drawing an ROI around 
the plasma membrane and measuring the average fluorescent intensity within 
the cell body.  A large number of intracellular punctate structures of CTxB and 
LDL are observed within the DMSO treated control cells, however upon 
incubation with Dynasore there was a reduction in the number of these 
structures (Figure 3.2).  When the average intensity within the cell body was 
measured a significant reduction in both DiI-LDL and CTxB-AF555 intensity was 
observed (32% and 65% respectively), proving Dynasore to be an inhibitor of 
the clathrin-mediated and caveolar, dynamin-dependent pathways. 
The function for dynamin in regulation of epithelial directed migration was 
further validated by transient expression of a constitutively GDP-bound 
dynamin2 dominant negative mutant Dyn2(K44A) (Damke et al., 1994).  This 
Dyn2(K44A) mutant has been specifically associated with inhibition of 
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Figure 3.2. Dynasore inhibits caveolar and clathrin-mediated 
endocytosis. MDCK cells were pre-incubated with 80µM Dynasore or 1µl/ml  
DMSO for 30 minutes.  Cells were then incubated with either 10ng/ml CTxB-
AF555 (30 minutes) or 20µg/ml DiI-LDL (15 minutes).  Single still brightfield 
and epifluorescence images were taken.  (A) Epifluorescence image of 
intracellular CTxB-AF555 and DiI-LDL in cells treated with DMSO/Dynasore.  
The cell outline is depicted in white.  (B) Quantification of average DiI-LDL 
intensity (marker for CME) in MDCK cells treated with Dynasore shows a 
significant inhibition of DiI-LDL entry compared to DMSO treated control cells 
(p < 0.05; n=74 DMSO control cells and n=63 Dynasore treated cells). (C) 
Quantification of average CTxB-AF555 intensity (a marker for caveolar 
endocytosis) in MDCK cells treated with Dynasore shows a significant 
inhibition of CTxB entry compared to DMSO control cells (p < 0.001; n=79 
DMSO control cells and n=81 Dynasore treated cells).  All cell numbers were 
taken from 3 independent experiments. 
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endocytosis in a wide variety of systems (Shieh et al., 2011), including in MDCK 
cells (Altschuler et al., 1998).  In this study a confluent monolayer of MDCK 
cells expressing Dyn2(K44A)-GFP or GFP (control) was wounded and the cells 
allowed to migrate for 6 hours.  The rate of migration and elliptical factor of 
individual fluorescently labelled cells was measured.  Similarly to Dynasore 
treated cells, Dyn2(K44A) expressing cells exhibited a significant 27% reduction 
in the rate of migration in comparison to GFP expressing cells (Figure 3.3a).  
Furthermore, there was no significant effect of expression of Dyn2(K44A) on 
elliptical factor in comparison to GFP expressing cells (Figure 3.3b). 
 
3.4 Inhibition of clathrin-mediated endocytosis significantly reduces the 
rate of epithelial cell migration and reduces polarised migratory 
morphology 
Work by previous groups has implicated a role for CME in cell migration 
indicating it as an integral function in both disassembly of membrane-substrate 
interactions in HT1080 fibrosarcoma cells and retraction of the uropod in 
migrating T-cells (Chao & Kunz, 2009; Samaniego et al., 2007).  Recent work 
both In vivo and In vitro by Sheih et al., (2011) has also suggested a role for CME 
in translocation of neurons (Shieh et al., 2011).  Several groups have found 
specific integrin heterodimers undergo internalisation via CME (Ezratty et al., 
2009; Chao and Kunz, 2009; Ramsay et al., 2007; Sancey et al., 2009; Upla et 
al., 2004), again suggesting CME as a critical regulator of cell adhesion and 
migration.  Therefore the effects of CME inhibition on directed
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Figure 3.3. Expression of Dyn2(K44A)-GFP significantly reduced the rate 
of MDCK epithelial cell migration. MDCK cells were transiently transfected 
with either GFP or Dyn2(K44A)-GFP, wounded and imaged using brightfield 
and epifluorescence every 10 minutes for 6 hours.  (A) Quantification of cell 
migration during a scratch wound assay in cells expressing either GFP or 
Dyn2(K44a)-GFP.  Cells expressing Dyn2(K44A)-GFP exhibit a significantly 
reduced rate of migration in comparison to control GFP expressing cells.  (B)  
Quantification of elliptical factor of MDCK cells transfected with Dyn2(K44A)-
GFP or GFP DNA, show little alteration in elliptical factor in comparison to 
control cells.  (160 cells of either GFP or Dyn2(K44A)-GFP quantified from 4 
individual experiments p < 0.001).   
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migration was observed during epithelial wound healing.  CME was inhibited by 
transient expression of an Eps15 mutant.  This mutant is a deletion mutant 
lacking its third EH (Eps15-homolgogy) domain (Benmerah et al., 1998; 
Benmerah et al., 1999).  This deletion affects the ability of Eps15 and AP-2 to 
localise to clathrin coated pits and has been shown to inhibit CME (Benmerah et 
al., 1999).  MDCK cells transiently expressing either Eps15(EH29)-GFP 
demonstrated a significant 37% reduction in the rate of migration during wound 
healing assays than GFP expressing control cells (Figure 3.4).  In addition to 
inhibiting the rate of migration, EH29-GFP also caused a small but significant 
decrease in the elliptical factor of cells by 13%.  Thus cells on the wound edge 
transfected with Eps15(EH29)-GFP had a somewhat more rounded and less 
polarised morphology than control cells (Figure 3.4b).   
These results implicate a role for CME in both the initial morphological change 
responsible for generation of a polarised phenotype but also in maintenance of 
this phenotype for continued of migration.  Although the Eps15(EH29) mutant has 
been widely validated previously, an LDL uptake assay was performed and 
analysed as described in section 3.3.  Cells expressing Eps15(EH29)-GFP 
demonstrated a significant reduction in intracellular LDL positive punctate 
structures in comparison to GFP expressing cells.  Quantification of the 
intracellular average intensity demonstrated a significant 49% reduction in LDL 
intensity in Eps15(EH29) expressing cells in comparison to control cells (Figure 
3.5).  Therefore these data indicate the Eps15(EH29) mutant is inhibiting CME  
and decreasing LDL internalisation. 
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Figure 3.4. Inhibition of clathrin-mediated endocytosis significantly 
reduces the rate of epithelial cell migration and reduces polarised 
migratory morphology.  MDCK cells were transiently transfected with either 
GFP or Eps15(EH29)-GFP and the monolayer was wounded.  Cells were 
imaged by epifluorescence and brightfield every 10 minutes for 6 hours.  (A) 
Epifluorescence image of MDCK cells expressing GFP or Eps15(EH29)-GFP 
migrating in response to wound formation.  The white arrow indicates 
direction and distance of cell migration, the blue line = wound edge at time 0, 
red line = wound edge at time end.  Scale bars denote 100µm.  (B) Enlarged 
epifluorescence image of cells migrating on the wound edge seen in (A), 
observation of elliptical factor in cells expressing either GFP or 
Eps15(EH29)-GFP DNA, the white outline borders the cell membrane.  (C) 
Quantification of rate of migration of MDCK cells transfected with 
Eps15(EH29)-GFP DNA or GFP DNA.  Cells expressing Eps15(EH29)-GFP 
exhibit a significantly reduced rate of migration in comparison to control GFP 
expressing cells.  (D)  Quantification of elliptical factors of MDCK cells 
transfected with Eps15(EH29)-GFP or GFP DNA, showing a significant 
decrease in elliptical factor in MDCK cells expressing Eps15(EH29)-GFP.  * 
P-value ≤0.05, *** P-value. 
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Figure 3.5. Expression of Eps15(EH29-GFP) significantly inhibits 
CME. MDCK cells were transiently transfected with either 
Eps15(EH29)-GFP or GFP DNA.  Cells were then incubated in 20µg/ml 
DiI-LDL for 15 minutes then imaged using epifluorescence.  (A) 
Epifluorescence image of intracellular DiI-LDL (a marker for CME) in 
cells expressing either Eps15(EH29)-GFP or GFP DNA.  The cell 
outline is depicted in white.  (B) Quantification of average DiI-LDL 
intensity in MDCK cells expressing Eps15(EH29)-GFP or GFP.  Results 
show a significant reduction in internalised DiI-LDL in MDCK cells 
expressing Eps15(EH29)-GFP.  (p < 0.001; at least 60 cells from 3 
separate experiments).   
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3.5 Inhibition of caveolar endocytosis affects epithelial cell migration but 
has no effect on generation of a polarised phenotype 
In this study the function for caveolar endocytosis in collective epithelial cell 
migration was examined.  Several groups have investigated the role of caveolar 
endocytosis in regulation of cell migration, however results have been different 
as it has been implicated as both a positive and negative regulator of cell 
migration (Galvez et al., 2004; Zhang et al., 2000; Zhou et al., 2004; Kwik et al., 
2003; Vassilieva et al., 2008).  However, these studies all utilised different cell 
lines and adopted various methodological strategies to initiate migration.  
Therefore, this study examined the role for caveolar endocytosis in epithelial 
cell migration.   
To inhibit caveolar endocytosis specifically, a previously published dominant 
negative caveolin1(Y14F)-GFP mutant was utilised (Orlichenko et al., 2006).  
This mutant is unable to undergo tyrosine phosphorylation at position 14 
(required for caveolar biogenesis) (Orlichenko et al., 2006).  Transient 
expression of caveolin1(Y14F)-GFP in MDCK cells subjected to the scratch 
wound assay significantly decreased directed migration by 16% in comparison 
to GFP expressing controls (Figure 3.6a).  When the elliptical factor was 
quantified no significant difference in polarised morphology was observed 
between cells transfected with GFP or caveolin1(Y14F)-GFP (Figure 3.6b).  
Therefore these data suggest caveolar endocytosis plays a role in epithelial 
wound healing, however not for generation of a motile phenotype.  
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Figure 3.6. Inhibition of caveolar endocytosis significantly reduces 
the rate of epithelial cell migration. MDCK cells were transiently 
transfected with either GFP or caveolin1(Y14F)-GFP (cav1(Y14F)), 
wounded and imaged using brightfield and epifluorescence every 10 
minutes for 6 hours.  (A) Quantification of cell migration during a scratch 
wound assay in cells expressing either GFP or cav1(Y14F)-GFP.  Cells 
expressing cav1(Y14F)-GFP exhibit a significantly reduced rate of 
migration in comparison to control GFP expressing cells.  (B)  
Quantification of elliptical factor of MDCK cells transfected with 
cav1(Y14F)-GFP or GFP DNA show no alteration in elliptical factor in 
comparison to control cells.  *** P-value ≤0.001. 160 GFP and 143 
cav1(Y14F)-GFP cells counted from 4 separate experiments.   
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Figure 3.7. Expression of caveolin1(Y14F)-GFP significantly inhibits 
caveolar endocytosis in MDCK cells.  MDCK cells were transiently 
transfected with either cav1(Y14F)-GFP or GFP DNA.  Cells were then 
incubated in 10ng/ml CTxB-AF555 for 30 minutes, then imaged using 
epifluorescence.  (A) Epifluorescence image of intracellular CTxB-AF555 (a 
marker for caveolar endocytosis) in cells expressing either cav1(Y14F)-GFP 
or GFP DNA.  The cell outline is depicted in white.  (B) Quantification of 
average CTxB-AF555 intensity in MDCK cells expressing cav1(Y14F)-GFP or 
GFP.  Results show a significant reduction in internalised CTxB-AF555 in 
MDCK cells expressing cav1(Y14F)-GFP.  (p < 0.05; at least 60 cells from 3 
separate experiments).   
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It was important to validate caveolin1(Y14F) as an inhibitor of caveolar 
endocytosis.  Despite the caveolin1(Y14F) mutant being previously validated 
(Orlichenko et al., 2006), the functionality of this mutant to inhibit caveolar 
endocytosis was assessed by performing a CTxB uptake assay as described in 
section 3.3.  A punctate intracellular distribution of CTxB was observed in both 
control (GFP) and caveolin1(Y14F) expressing cells, however there was a 
reduction in the number of these structures in cells expressing caveolin1(Y14F).  
Analysis of the average intracellular intensity of CTxB demonstrates a 
statistically significant 43% decrease in intracellular intensity in cells expressing 
caveolin1(Y14F) as shown in Figure 3.7.  These data indicate caveolin1(Y14F) 
does inhibit caveolar endocytosis. 
 
3.6 Inhibition of post-Golgi biosynthetic trafficking does not affect the rate 
of epithelial cell migration or polarised migratory morphology 
The biosynthetic secretory pathway has also been widely implicated as an 
important mechanism in cell migration.  Work by Bershadsky & Futerman, 
(1994) found disruption of the Golgi by brefeldin A led to the inability of Swiss 
3T3 fibroblasts to generate a motile polarised morphology and decreased 
directed migration on a planar 2D surface.  This result was further corroborated 
in the same cell line in studies by Prigozhina and Waterman-Storer (2004).  This 
group identified decreased lamellipodial activity and migration upon expression 
of mutant PKD (PKD(K618N)-GFP) (Prigozhina & Waterman-Storer, 2004).  
PKD(K618N)-GFP is a kinase dead mutant of PKD which has been 
demonstrated to inhibit membrane fission and production of vesicles from the 
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trans-Golgi-network (TGN) (Liljedahl et al., 2001).  From work by Prigozhina & 
Waterman-Storer, (2004) a connection has been formed between fibroblast 
migration and trafficking of newly synthesised proteins to the plasma 
membrane.  Therefore this study investigated the role of the biosynthetic 
secretory pathway during epithelial wound healing.  This study utilised the 
kinase dead PKD(K618N) mutant expressed in migrating MDCK cells to inhibit 
post-Golgi trafficking.  Transient expression of PKD(K618N)-GFP for 24 hours 
and repetition of our previous experimental parameters demonstrated no 
significant alteration in either the rate of migration or the ability of cells to 
polarise (Figure 3.8) (experiments performed and analysed by Elizabeth 
Haining).  This experiment was also repeated with extended expression (48 
hours) of PKD(K618N)-GFP and again no alteration in migratory phenotype was 
observed (data not shown).  This study indicated that there was a minimal role 
for the biosynthetic secretory pathway in regulation of epithelial cell migration.  
As no effect on migratory phenotype was observed upon expression of 
PKD(K618N), the functionality of this mutant in inhibition biosynthetic secretion 
was measured.  A cargo trafficking assay was performed; co-transfecting 
MDCK cells with secretory cargo Neuropeptide Y labelled with a red fluorescent 
protein tag (NPY-mRFP) and either GFP (control) or PKD(K618N)-GFP.  As 
NPY is a soluble secretory protein which does not undergo recycling, all 
intracellular mRFP fluorescence signal is from newly synthesised NPY-mRFP 
protein.  Thus any inhibition of Golgi secretion should lead to retention of NPY-
mRFP within the Golgi and increased NPY-mRFP intensity.  Average 
intracellular NPY intensity was quantified as in previously described cargo
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Figure 3.8. Inhibition of post-Golgi biosynthetic trafficking does not 
affect the rate of MDCK epithelial cell migration or polarised 
migratory morphology.  MDCK cells were transiently transfected with 
either GFP or PKD(K618N)-GFP, wounded and imaged using brightfield 
and epifluorescence every 10 minutes for 6 hours.  (A) Quantification of 
cell migration during a scratch wound assay in cells expressing either GFP 
or PKD(K618N)-GFP.  Cells expressing PKD(K618N)-GFP exhibit no 
significant alteration in the rate of migration in comparison to control GFP 
expressing cells.  (B)  Quantification of elliptical factor of MDCK cells 
transfected with PKD(K618N)-GFP or GFP DNA, show no significant 
alteration in elliptical factor in comparison to control cells.  157 GFP 
expressing cells and 143 PKD(K618N)-GFP expressing cells were 
analysed from 4 separate experiments. 
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trafficking assays (sections 3.4 and 3.5).   
In cells transfected with PKD(K618N) there was an observable increase in NPY-
mRFP localised to globular structures adjacent to the nucleus (likely to be the 
TGN).  Although these structures were observed in the GFP expressing cells, 
they did not appear enlarged (as seen in the PKD mutant expressing cells).   
When average NPY intensity was quantified, a significant 40% increase in NPY 
fluorescence was demonstrated in cells expressing PKD(K618N)-GFP (Figure 
3.9).  These data confirm functionality of PKD(K618N)-GFP as an inhibitor of 
the biosynthetic secretory pathway. 
 
3.7 Inhibition of endosomal recycling significantly reduces the rate of 
epithelial cell migration and affects polarised migratory morphology 
The process of endosomal recycling has widely been accepted as a critical 
requirement for cell migration (Jones, Caswell, & Norman, 2006; Nabi, 1999).  
Several hypotheses have been formed to its exact role, with suggestions 
varying from recycling of bulk membrane to recycling of individual cell adhesion 
molecules and chemotaxis receptors (Bretscher, 1984; Sheetz et al., 1999).   
However, the function of endosomal vesicle trafficking may be modified in 
response to various migratory stimuli (Fletcher & Rappoport, 2009).  The two 
pathways under examination in this section are the Rab4- and Rab11-mediated 
recycling pathways (Figure 1.5 and 1.6).  One way in which Rab4-mediated 
recycling may regulate cell migration is through trafficking of cell adhesion 
molecules (Roberts et al., 2001; Woods et al., 2004).  
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Figure 3.9. PKD(K618N)-GFP significantly inhibits post-Golgi 
biosynthetic trafficking in MDCK cells.  MDCK cells were transiently co-
transfected with either PKD(K618N)-GFP or GFP and NPY-mRFP DNA.  
Single still epifluorescence and brightfield images of cells were taken. (A) 
Epifluorescence image of intracellular NPY-mRFP (a marker for the 
biosynthetic secretory pathway) in cells expressing either PKD(K618N)-GFP 
or GFP DNA.  The cell outline is depicted in white. The average intensity of 
NPY-mRFP in cells expressing either GFP or PKD(K618N)-GFP. (B) 
Quantification of average NPY-mRFP intensity in MDCK cells expressing 
PKD(K618N)-GFP or GFP.  Results show a significant increase in intracellular 
NPY-mRFP in MDCK cells expressing PKD(K618N)-GFP. *** P-value ≤0.001 
n=3. (190 GFP expressing cells and 226 PKD(K618N)-GFP expressing cells 
analysed from 4 separate experiments). 
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In studies where Rab4-dependant recycling was inhibited in fibroblasts, cells 
displayed increased migratory tortuosity potentially due to effects on integrin 
recycling (White, Caswell, & Norman, 2007).  As a function for Rab4-mediated 
trafficking has been demonstrated in fibroblast cell lines, this study examined 
the function of this pathway during epithelial wound healing.  To specifically 
inhibit Rab4-dependent recycling a Rab4 mutant unable to bind GTP,  
Rab4(S22N)-GFP (Mohrmann et al., 2002) was utilised.  This mutant has 
previously been shown to decrease recycling of transferrin, and facilitate its 
accumulation in a perinuclear compartment (McCaffrey et al., 2001). 
Transient expression of Rab4(S22N)-GFP in MDCK cells followed by initiation 
of directed migration in the scratch wound assay, produced a migratory 
phenotype which was significantly slower than GFP expressing control cells, 
inhibiting migration by 20% (Figure 3.10a).  No alteration in the ability of 
Rab4(S22N)-GFP expressing cells to initiate development of a polarised 
phenotype was observed (Figure 3.10b).  These data suggest that Rab4-
mediated trafficking has a function during directed epithelial wound healing.   
The other trafficking pathway implicated in cell migration is the Rab11-mediated 
recycling pathway.  The function of this trafficking pathway is cell line specific 
and has been suggested to regulate trafficking via the PNRC in BHK and CHO 
cells, or the apical recycling compartment in polarised MDCK cells (Maxfield & 
McGraw, 2004; Ullrich et al., 1996; Weisz & Rodriguez-Boulan, 2009).  A 
function for this pathway has been established in cell migration studies.  
Experiments in PtK1 epithelial cells demonstrated expression of dominant 
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Figure 3.10. Inhibition of Rab4-mediated endosomal recycling 
significantly reduces the rate of MDCK epithelial cell migration. 
MDCK cells were transiently transfected with either GFP or 
Rab4(S22N)-GFP, wounded and imaged using brightfield and 
epifluorescence every 10 minutes for 6 hours.  (A) Quantification of cell 
migration during a scratch wound assay in cells expressing either GFP 
or Rab4(S22N)-GFP.  Cells expressing Rab4(S22N)-GFP exhibit a 
significantly reduced rate of migration in comparison to control GFP 
expressing cells.  (B)  Quantification of the elliptical factor of MDCK 
cells transfected with Rab4(S22N)-GFP or GFP DNA show no 
significant alteration in elliptical factor in comparison to control cells.  *** 
P-value ≤0.001. (160 GFP expressing cells and 160 Rab4(S22N)-GFP 
expressing cells analysed from 4 separate experiments). 
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negative Rab11b severely affected cell migration (Prigozhina & Waterman-
Storer, 2006).  This study investigated the role of Rab11-mediated recycling 
during epithelial wound healing.  A GFP tagged Rab11a mutant unable to bind 
GTP, (Rab11a(S25N)-GFP (Ren et al., 1998)), was transiently expressed in 
MDCK epithelial cells (Prigozhina & Waterman-Storer, 2006).  Cell migration 
and elliptical factors were measured as previously described.  Expression of 
Rab11a(S25N)-GFP significantly reduced rates of epithelial migration by 13% in 
comparison to GFP expressing control cells (Figure 3.11a).  Alterations in 
polarised phenotype were also observed in MDCK cells expressing 
Rab11a(S25N)-GFP, with cells displaying a slightly elongated phenotype which 
was not observed in control cells (Figure 3.11b).  Although this elongation was 
only nearing statistical significance, it is consistent with observations in other 
cell lines where difficulties retracting the lagging edge were seen (Prigozhina & 
Waterman-Storer, 2004).  These data may indicate a function for Rab11a in 
retraction of the cell rear aiding in maintenance of continued migration.  
 
3.8 Discussion 
The findings from this study, the first systematic analysis of the role of several 
vesicle trafficking pathways in directed epithelial cell migration, indicate a key 
function for trafficking in epithelial cell motility.  For the first time the function of 
specific vesicle trafficking pathways has been observed in a single epithelial 
wound healing model assessing both the ability of cells to generate a polarised 
morphology and in maintenance of steady-state motility. 
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Figure 3.11. Inhibition of Rab11-mediated endosomal recycling 
significantly reduces the rate of epithelial cell migration and 
affects polarised migratory morphology.  MDCK cells were 
transiently transfected with either GFP or Rab11a(S25N)-GFP, wounded 
and imaged using brightfield and epifluorescence every 10 minutes for 
6 hours.  (A) Quantification of cell migration during a scratch wound 
assay in cells expressing either GFP or Rab11a(S25N)-GFP.  Cells 
expressing Rab11a(S25N)-GFP exhibit a significantly reduced rate of 
migration in comparison to control GFP expressing cells.  (B)  
Quantification of elliptical factor of MDCK cells transfected with 
Rab11a(S25N)-GFP or GFP DNA show a small but not statistically 
significant elongation in comparison to control cells.  *** P-value ≤0.001. 
(160 GFP expressing cells and 157 Rab11a(S25N)-GFP expressing 
cells analysed from 4 separate experiments).  
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The results from this study demonstrate that within the MDCK epithelial wound 
healing model, dynamin-dependent internalisation pathways have an important 
function during epithelial cell migration.  Furthermore, upon analysis of specific 
dynamin-dependent pathways, it was observed CME was required for both 
generation of a motile phenotype and steady-state migration.  Caveolar 
endocytosis on the other hand, is required only for continued epithelial cell 
migration.  In contrast, exocytosis of newly synthesised cargo from the Golgi via 
the biosynthetic secretory pathway plays minimal role in either development of 
the motile phenotype or continued migration.  However, exocytosis of cargo 
undergoing recycling via the Rab4- and Rab11-dependent endosomal recycling 
pathways were not essential for generation of a polarised phenotype but were 
required for effective cell migration. 
The findings in this chapter and in research from other groups suggest 
dynamin-dependent internalisation pathways are a requirement for effective cell 
migration.  As described previously, dynamin is required for both CME and 
caveolar endocytosis and has been implicated in both pinocytosis and flotillin-
dependent internalisation (Damke et al., 1994; Doherty & McMahon, 2009; 
Payne et al., 2007).  As observed in this study, migratory defects upon inhibition 
of dynamin-dependent internalisation have been observed by several groups.  
These groups utilised a variety of tools (dominant negative dynamin mutants, 
siRNA against dynamin and pharmacological dynamin inhibition) to identify an 
important function for dynamin in regulation of cell migration (Bruzzaniti et al., 
2005; Chao & Kunz, 2009; Kawada et al., 2009; Macia et al., 2006; Shieh et al., 
2011).  This chapter further identified the function of specific dynamin-
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dependent internalisation pathways (CME and caveolar endocytosis) during 
epithelial motility.  CME and caveolar endocytosis were inhibited by expression 
of dominant negative mutants to selectively inhibit each pathway.   
As stated in section 3.4, specific inhibition of CME decreased both the ability of 
MDCK cells to generate a polarised phenotype and maintain steady state 
migration.  Effects on cell migration have been observed upon CME inhibition in 
other migratory models.  In fibroblast derived cell lines undergoing random 
migration and T lymphocytes undertaking basal and CXCL12 induced migration, 
CME inhibition severely abrogated cell translocation (Chao & Kunz, 2009; 
Samaniego et al., 2007).  Similar studies in the SVZa neuronal cell line where 
CME was inhibited by monodansyl cadaverine and DN-Hub (encodes the Hub 
region of clathrin heavy chain preventing clathrin coat formation)  showed 
decreased invasion into Matrigel but did not affect neuronal morphology (Shieh 
et al., 2011).  Both the findings in this chapter and findings of previous groups 
suggest an important role for CME in cell migration, however the exact 
mechanism through which CME may be regulating cell migration is currently 
unknown and requires further investigation. 
Like CME, caveolar endocytosis is a dynamin-dependent internalisation 
pathway which has also been widely implicated in regulation of cell migration.  
As described in detail in chapter 1, many groups have linked caveolar 
endocytosis as a regulator of cell migration.  Also the migratory defects 
demonstrated upon inhibition of caveolar endocytosis correspond with previous 
research (Grande-Garcia et al., 2007).  Observations of cell migration in 
caveolin1 knockout mouse embryonic fibroblasts (MEFs) identified a reduction 
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in the rate of migration and a rounded morphology in wound healing assays.  
Interestingly, this rounded phenotype was not observed in MDCK cells upon 
inhibition of caveolar endocytosis.  This may be a cell specific variant as both 
the MDCK cell line used in this study and caveolin knock out MEFs were 
undergoing migration in response to loss of contact inhibition.    Furthermore, 
work by Podar et al., (2004) suggests a role for caveolae in VEGF induced 
Multiple Myeloma cell migration; cells treated with β-cyclodextrin or expressing 
antisense full-length caveolin1 mRNA (under the influence of an inducible 
promoter), showed decreased migration in a Boyden chamber (Podar et al., 
2004).  Similarly, in primary human astrocytes; caveolin1 siRNA inhibited 
chemotaxis towards monocyte chemoattractant protein 1 in a transwell 
migration assay (Ge & Pachter, 2004).  The data obtained in this chapter and 
from other groups demonstrate an important function for caveolae in cell 
migration.  It is unknown exactly how caveolae regulate cell migration and is a 
question which is further complicated by other non-endocytosis functions for 
caveolae.   
Caveolae are home to many signalling molecules, therefore caveolae may act 
to coordinate and organise signalling pathways from caveolar compartments 
(Isshiki et al., 2002a; Isshiki et al., 2002b).  However, an alternative role for 
caveolae has emerged suggesting that caveolae may regulate plasma 
membrane tension by responding to mechanical stress.  Caveolae have been 
proposed to act as a “membrane reserve” flattening and disassembling during 
increased mechanical strain (Sinha et al., 2011).  Work by Isshiki et al., (2002a) 
also suggests a role for caveolae in sensing/regulating mechanical stress as 
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cells grown under laminar stress showed a redistribution of caveolae (Isshiki et 
al., 2002a).  Thus inhibition of caveolar biogenesis by caveolin1(Y14F), could 
also affect epithelial wound healing via effects on signalling and regulation of 
mechanical stress, as well as through trafficking of cell-surface proteins and 
lipids. 
As endocytosis appears to have such an important functioning during epithelial 
wound healing, the next aim of the chapter was to examine the function of 
exocytosis in regulation of collective cell migration, firstly examining the 
biosynthetic secretory pathway.  This study demonstrated that selective 
inhibition of the biosynthetic secretory pathway had no effect on either the 
generation of a motile phenotype or its maintenance in persistent cell motility in 
MDCK cells; contrasting with previous findings in fibroblast derived cell lines 
(Prigozhina & Waterman-Storer, 2004).   When the PKD(K681N) mutant was 
expressed in NIH3T3 cells a significant reduction in cell migration was recorded.   
Later research from this same group contained an unpublished observation that 
expression of the PKD(K618N) mutant in migrating PtK1 epithelial cells caused 
no discernible migratory phenotype, corroborating the findings in this chapter 
(Prigozhina & Waterman-Storer, 2006).  This indicates the biosynthetic 
secretory pathway is critical for migration in some cell types but appears to be 
dispensable in epithelial cells, again highlighting the importance of a systematic 
study in a single cellular model.  Yet, these data imply that if trafficking of 
proteins synthesised de-novo to the plasma membrane is not important for cell 
migration then perhaps recycling of “ready-made” proteins may play a more 
important role in epithelial wound healing.  Therefore, the function for Rab4- and 
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Rab11-mediated recycling pathways in regulation of collective migration was 
also examined.   
Inhibition of Rab4-dependent recycling during wound closure showed a 
significant decreased in the rate of epithelial cell migration.   These findings 
corroborate with recent studies by Linford et al., (2012) in the A459 human 
alveolar adenocarcinoma epithelial derived cell line where Rab4 siRNA reduced 
the rate of migration in a scratch wound assay (Linford et al., 2012).  This 
finding was further supported by recent in vivo studies performed by Kawauchi 
et al., (2010) who found inhibition of Rab4-mediated recycling by expression of 
Rab4(S22N) affected migration of cortical neurons (Kawauchi et al., 2010).  
However it must be noted; although migration was altered, the migratory defect 
was not statistically significant. 
Evidently a function for Rab4-mediated recycling exists during MDCK migration, 
therefore the Rab11-dependent trafficking pathway was also investigated for a 
potential role during epithelial wound healing.  Inhibition of Rab11 in MDCK 
cells demonstrated a reduction in the rate of epithelial cell migration suggesting 
an important function during epithelial wound healing.  Moreover it also showed 
a nearly statistical significant alteration in polarised phenotype, with cells 
becoming elongated and apparently having problems retracting their lagging 
edge.  This correlates with previous data detailed by Linford et al., (2012).  
Again siRNA was used to inhibit Rab11 in A459 cells during a wound healing 
assay and a decrease in the ability to close the wound was recorded (Linford et 
al., 2012).  Interestingly studies performed by Prigozhina and Waterman-Storer  
(2006), show a range of migratory defects depending upon transient/stable 
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dominant negative Rab11b expression and migratory stimulus (Prigozhina & 
Waterman-Storer, 2006).  When small “islands” of PtK1 epithelial derived cells 
were transiently transfected with Rab11b(S25N), the cells exhibited increased 
velocity (opposite to observations made in section 3.7), with cells exhibiting an 
increased likelihood to migrate away from the island and a more elongated 
morphology then control cells.  This phenotype is consistent with results 
obtained in section 3.7 where transient expression of Rab11a(S25N) led to 
MDCK cells displaying a more polarised phenotype and appeared to have 
problems detaching from the substrate.  Recent work by Kessler et al., 2012 
has also suggested a role for Rab11 in HeLa cell stretching, where expression 
of Rab11(S25N) lead to an increase in the ability of HeLa cells to stretch on 
both glass and fibronectin which may explain the slight elongation observed in 
chapter 3.7. (Kessler et al., 2012).  This work also demonstrates expression of 
Rab11(S25N) significantly decreased the ability of MDA-MB231 breast cancer 
cells to maintain a single direction during random migration, but again no 
alteration in velocity was observed similar to the findings of the Waterman-
Storer group.  However in stable Rab11b expressing PtK1 cells undergoing 
directed migration in a scratch wound assay, wound healing defects were 
observed as seen in MDCK cells in section 3.7 (Prigozhina & Waterman-Storer, 
2006).  This was suggested to be due to cells developing a more tortuous 
migratory pattern, rather than a reduced rate of motility (Prigozhina & 
Waterman-Storer, 2006).  Although no effect on directionality has been 
observed in MDCK cells expressing Rab11a(S25N) (section 3.7), and a 
decrease in the rate of migration was observed rather than an increase; this 
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could be due to either cell-cell variability or a role for Rab11b in cell 
directionality whilst Rab11a somehow regulates rate of migration. 
Utilising the findings in this chapter, a new model for how vesicle trafficking may 
regulate cell migration in epithelial cells undergoing directed migration has 
arisen.  This model suggests that endocytosis of cargo via the dynamin-
dependent pathways (clathrin-mediated and caveolar endocytosis) occurs and 
is transported back to the plasma membrane, potentially by Rab4- and Rab11- 
mediated recycling.  This is a departure from earlier models where protein 
biosynthesis and exocytosis of newly formed proteins have been implicated in 
cell migration (Prigozhina & Waterman-Storer, 2006; Yadav et al., 2009).  How 
this model facilitates cell migration is yet to be ascertained, dynamin-dependent 
endocytosis may aid in cell migration via release of cell adhesion molecules 
from the substrate and their subsequent internalisation.  Moreover, certain 
specific integrin subunits and heterodimers have already been identified as 
undergoing internalisation and trafficking via specific pathways (Altankov & 
Grinnell, 1995; Chao & Kunz, 2009; De Deyne et al., 1998; Ramsay et al., 2007; 
Sancey et al., 2009; Upla et al., 2004).  The Rab4- and Rab11-mediated 
recycling pathways have been widely implicated as a key requirement for 
trafficking of several integrin subunits  (Roberts et al., 2001; White, Caswell, & 
Norman, 2007; Woods et al., 2004) reviewed fully in (Fletcher & Rappoport, 
2009; Fletcher & Rappoport, 2010).  Furthermore, endocytosis and vesicle 
trafficking of cell-cell adhesion molecules may play a role in regulation of 
epithelial cell migration (Camand et al., 2012; Du et al., 2010; Kawauchi et al., 
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2010).  Taken together this study identifies a key function for several vesicle 
trafficking pathways during epithelial wound healing. 
 
3.9 Key chapter findings 
 CME is required for MDCK cell migration and generation of a polarised 
phenotype. 
 Caveolar endocytosis, Rab4- and Rab11-mediated recycling are required 
during epithelial wound healing but not for development of a motile 
phenotype. 
 The biosynthetic secretory pathway has minimal role during directed 
epithelial migration. 
 
3.10 Conclusion 
As the first systematic study utilising a single epithelial cell line in a 
physiologically relevant migratory assay system, this research confirms the 
critical role for several trafficking pathways in both generation of a motile 
phenotype and for subsequent migration.  CME is required for both the initial 
development of the migratory phenotype and for continued migration while 
caveolar endocytosis is required for steady-state migration only.  Furthermore, 
this study confirmed the Rab4- and Rab11-mediated vesicle recycling pathway 
has a key function in epithelial cell migration, while the biosynthetic secretory is 
dispensable during epithelial wound healing. 
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CHAPTER 4 
 
 
POLARISED TRAFFICKING IN MIGRATING 
EPITHELIAL CELLS 
 
4.1 Introduction 
Vesicle trafficking has been established as a major regulator of cell migration 
and polarisation as shown in chapter 3 (Fletcher et al., 2012, Fletcher & 
Rappoport, 2010; Fletcher & Rappoport, 2009).  In the previous chapter, 
dynamin-dependent, clathrin-mediated and caveolar endocytosis were 
demonstrated to be required for collective epithelial cell migration, along with 
the Rab4 and Rab11 recycling pathways.  Interestingly, abrogation of the 
biosynthetic secretory pathway did not affect MDCK cell migration. 
Evidently, vesicle trafficking is a vital regulator of MDCK cell migration, yet the 
extent to which these trafficking pathways are polarised during epithelial wound 
healing is less well understood.  Data in other cell types from groups suggest 
polarised trafficking occurs during cell migration (reviewed in Fletcher & 
Rappoport, 2010).  As described in section 1.6 there are three proposed 
mechanisms through which polarised trafficking may regulate cell migration; the 
“rear to front trafficking model” (Sheetz et al., 1999), the “bulk membrane flow 
model” (Bretscher, 1984) and finally polarised receptor recycling during 
- 123 - 
 
chemotaxis (Bailly et al., 2000).  Recent advancements in microscopy and live 
cell imaging have enabled researchers to accurately visualise and further 
elucidate the role of vesicle trafficking in cell migration (reviewed in Fletcher & 
Rappoport, 2009).  One recently developed technique is TIRF microscopy.  
TIRF microscopy provides the ability to selectively illuminate fluorophores 
associated with the adherent plasma membrane, avoiding contamination of 
images from out-of-focus cytosolic signal (Axelrod, 1981).  This makes TIRF 
microscopy an ideal platform to examine the potential for polarisation of vesicle 
trafficking pathways in migrating cells (Rappoport et al., 2003).  Previous work 
using TIRF microscopy has already shown CME polarised to the front of 
migrating MDCK cells (Rappoport & Simon, 2003). 
Therefore, in this chapter a systematic analysis of the potential for polarisation 
of other vesicle trafficking pathways in migrating MDCK cells was performed 
using TIRF microscopy.  Although much data has examined localised trafficking 
of specific cargo molecules (Bailly et al., 2000; Kamimura et al., 2008; Roberts 
et al., 2001; Roberts et al., 2004; Sheetz et al., 1999; White, Caswell, & Norman 
2007; Woods et al., 2004) little research has investigated polarisation of specific 
recycling pathways during migration, particularly in epithelial cell lines.  Through 
application of fluorescently labelled marker proteins and TIRF microscopy, the 
potential for polarised caveolar endocytosis, Rab11- and Rab25-mediated 
recycling was examined.  These pathways were selected as their inhibition had 
been shown to effect epithelial migration in chapter 3.  Moreover, previous 
observations have identified polarisation of caveolar endocytosis, yet its 
localisation to the cell front or rear has been disputed (Galvez et al., 2004; 
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Isshiki et al., 2002a; Parat, Anand-Apte, & Fox, 2003).  Conversely, no literature 
exists on polarisation of the Rab11 trafficking pathway; therefore this study 
sought to be the first to identify polarisation of caveolar endocytosis events and 
Rab11 trafficking in migrating epithelial cells.  Examination of Rab25 recycling 
was also investigated as minimal research has been performed to identify the 
function of this epithelial cell specific member of the Rab11 family during cell 
migration (Goldenring et al., 1993).  However, Rab25 has been demonstrated to 
localise to the apical recycling compartment with Rab11 in polarised MDCK 
cells (Casanova et al., 1999) (Figure 1.6) and may function in regulating cell 
migration via integrin trafficking (Caswell et al., 2007; Cheng et al., 2004).  
Therefore its epithelial specificity, similarity to Rab11 and role in migration 
makes Rab25 an interesting candidate to assess for polarised trafficking during 
epithelial wound healing. 
The results of this study, utilising transient expression of caveolin1-mRFP as a 
marker of caveolar endocytosis identifies polarisation of caveolar endocytosis to 
the rear of migrating MDCK cells.  However, expression of Rab11-GFP or 
Rab25-GFP and thorough examination of exocytic events via these pathways 
show polarised fusion of recycling endosomes does not occur during collective 
cell motility.  In summary, this study suggests that polarised endocytosis, but 
not exocytosis regulates epithelial wound healing. 
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4.2 Results 
4.3 Caveolar endocytosis is polarised to the rear of migrating epithelial 
cells 
In the past decade many groups have examined the function of clathrin-
independent endocytosis pathways in cell migration.  One such pathway is 
caveolar endocytosis.  Caveolae are flask-shaped invaginations rich in 
cholesterol and sphingolipids and densely populated with many signalling 
molecules (de Laurentiis, 2007).  Recently, research from multiple groups 
suggested caveolar endocytosis may be required for internalisation of specific 
integrin heterodimers, linking caveolar endocytosis with turnover of substratum 
attachments in migrating cells (Shi & Sottile, 2008; Tayeb et al., 2005).  
Furthermore, polarisation of caveolar endocytosis to the cell rear during 2D 
migration may support the back-to-front recycling hypothesis (Galvez et al., 
2004; Isshiki et al., 2002a; Parat, Anand-Apte, & Fox, 2003; Sheetz et al., 
1999).  Therefore this study examined polarisation of caveolar endocytosis 
during collective epithelial migration. 
To label caveolae this study utilised caveolin1-mRFP fluorescent protein.  
Caveolin1 is a hairpin protein localised to caveolae and required for caveolar 
biogenesis (Fra et al., 1995; Hayer et al., 2010).  As a marker of the adherent 
plasma membrane “footprint” ECFP-mem a palmitoylated enhanced cyan 
fluorescent protein was utilised (Jiang & Hunter, 1998).  A monolayer of MDCK 
cells transfected with caveolin1-mRFP and ECFP-mem was wounded with a 
yellow pipette tip and the cells were allowed to migrate for 18 hours.  Utilising 
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TIRF microscopy, cells at the wound edge displaying various caveolin1-mRFP 
expression levels and a fully polarised phenotype were imaged and caveolin1-
mRFP localisation measured (Figure 4.1a).  As expected, ECFP-mem provided 
a homogenous representation of the adherent plasma membrane (Figure 4.1a).  
Utilising the outline of the ECFP-mem signal, cells were divided into two regions 
associated with the migratory trajectory, the leading edge (which contained the 
lamellipodia) and the retracting edge (the region behind the lamellipodia) 
(Figure 4.1a).  The overlaying regions drawn in Figure 4.1a were superimposed 
over the caveolin1-mRFP image and the distribution of caveolin1-mRFP within 
the two regions quantified by measurement of the average intensity.  Intensity 
values were normalised against the average intensity of the entire cell footprint.   
Increased caveolin1-mRFP fluorescence was observed in the retracting edge of 
the cell relative to the leading lamella (Figure 4.1b).  Thus, utilising TIRF 
microscopy, this study confirms caveolae are preferentially localised to the rear 
of MDCK cells undergoing planar directed migration, and are excluded from the 
lamellipodium. 
 
4.4 Rab11-mediated recycling is not polarised in migrating epithelial cells 
 
As described in chapter 3, the Rab11-dependent recycling pathway has an 
important function during steady state epithelial cell migration.  Several studies 
have implicated the polarised recycling model in regulation of cell migration, 
where cargo undergoes internalisation and is transported through endosomal 
compartments (including the Rab11 positive recycling compartment) to the
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leading edge (Caswell & Norman, 2006; Sheetz, et al., 1999; Ullrich et al., 
1996).  Although polarisation of the Rab11-dependent pathway itself has not 
been examined (Fletcher & Rappoport, 2009; Fletcher & Rappoport, 2010); 
multiple studies have reported polarised trafficking of cargo via the Rab11-
dependent pathway.  Polarised trafficking of the α5 and β1-integrin subunits to 
the lamellipodial region has been observed in migrating fibroblast cells 
(Laukaitis et al., 2001; Palecek et al., 1996).  Whilst in motile neutrophils 
polarised trafficking of α5 and αvβ3-integrin to the leading edge was seen 
(Lawson & Maxfield, 1995; Pierini et al., 2000). 
Therefore, this study sought to identify polarisation of the Rab11-dependent 
pathway in the adherent plasma membrane during epithelial wound healing.  
Previously, Rab11 has been demonstrated to remain associated with recycling 
vesicles during exocytic fusion (Ward et al., 2005).  Therefore, TIRF microscopy 
was utilised to image Rab11-GFP positive fusion events.  Fusion events were 
validated using quantitative criteria previously described by Schmoranzer et al., 
2000 and shown in Figure 4.2 (Schmoranzer et al., 2000).  Two analysis 
methods verified fusion events.  Firstly, the area of the fusion was outlined and 
the total intensity measured within this region (Figure 4.2a).  This was repeated 
for consecutive frames; a true fusion exhibits increased total intensity as the 
Rab11a-GFP containing vesicle approaches and fuses with the plasma 
membrane.  This rise in total intensity is due to increased Rab11a-GFP 
excitation as the vesicle enters the TIRF evanescent wave.  Intensity increases 
as the vesicle pushes and flattens against the plasma membrane and a fusion 
pore is created (Schmoranzer et al., 2000).  Once fusion has occurred, the 
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Rab11a-GFP protein then freely diffuses laterally in the plane of the membrane 
(Ward et al., 2005).  Thus the total fluorescence will initially be maintained, then 
start to decline as fusion area increases with each consecutive frame until the 
signal returns to background level (Figure 4.2c).  The second method employed 
a “line scan” analysis (Figure 4.2b), a single pixel thick line was drawn through 
the centre of the fusion event allowing measurement of the fluorescent intensity 
of each pixel along the line.  With each consecutive timeframe, as diffusion 
through the plasma occurs the fluorescent intensity should spread laterally, 
whilst intensity at the centre of the fusion region decreases. 
In this study, a confluent monolayer of MDCK cells transiently expressing 
Rab11a-GFP was wounded and the cells were allowed to migrate for 18 hours.  
Cells on the wound edge, displaying a polarised morphology were imaged every 
100-200ms for 15 minutes at 37°C, producing a time-lapse video.  The cell 
footprint was outlined, and based upon the cells migratory trajectory the cell 
was divided into the leading edge (lamellipodia) and the cell rear.  Each 
potential fusion event was quantified using the 2 methods stated previously and 
only events which were confirmed as true fusion events in both experimental 
parameters were considered definite fusions.  The number of true fusions per 
region were counted and normalised to the region area.  As can be seen in 
Figure 4.3 there is no significant difference between the number of Rab11-GFP 
fusions per area in either the lamellipodia region or the cell rear.  Furthermore, 
division of the adherent plasma membrane longitudinally in the direction of 
migration into equal length front, middle and rear sections, demonstrated no 
significant difference in normalised number of fusions (data not shown).  
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Figure 4.2. Observation of fusion events in the adherent plasma 
membrane using GFP labelled Rab GTPase proteins and TIRF 
microscopy.  MDCK cells were either transfected with Rab11-GFP or 
Rab25-GFP and allowed to migrate for 18 hours before imaging taking 
images every 100-200ms at 37ºC using TIRF microscopy.  (A) TIRF 
microscopy image showing the initial vesicle fusion event and 
subsequent diffusion throughout the plasma membrane.  The outline of 
the fusion event was circled in white to enable quantification of total 
membrane intensity.  (B) TIRF microscopy image as shown in (A) (white 
dotted arrow denotes line scan area).  (C)  Quantification of the total 
intensity of spot and spot area in consecutive time frames, showing as 
the area increases (300-500ms), the total intensity remains relatively 
static confirming fusion.  (D) Line scan measurements showing intensity 
per pixel across the length of a line annotated through the center of the 
fusion event.   
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Therefore these data indicate that within migrating MDCK cells, Rab11-
dependent trafficking is not polarised. 
 
4.5 Rab25-mediated recycling is not polarised in migrating epithelial cells 
Although recycling via Rab11a is not polarised, there is another epithelial cell 
specific member of the Rab11 family, Rab25 (Goldenring et al., 1993).  Recent 
studies have linked over-expression of Rab25 with increased tumour 
invasiveness both in-vivo and in-vitro (Caswell et al., 2007; Cheng et al., 2004).  
Therefore, this study identified whether the Rab25-dependent trafficking 
pathway was polarised in migrating MDCK cells.  However, the first stage was 
to determine whether like Rab11, Rab25 remained associated with exocytic 
vesicles which had traversed the Rab25-dependent recycling pathway.  
Observation of fusion events using TIRF microscopy demonstrated that 
transient expression of Rab25-GFP in migrating cells lead to fusion events with 
similar dynamics to those observed with Rab11-GFP (data not shown).  To 
determine whether the Rab25 derived trafficking pathway was polarised within 
migrating MDCK cells, cells were transfected with Rab25-GFP, wounded and 
allowed to migrate for 18 hours before TIRF microscopy imaging.  Fusions were 
quantified and confirmed as true fusions as stated in section 4.4.  As 
demonstrated in Figure 4.4 no significant difference between the normalised 
number of fusion events was observed between the lamellipodial region and the 
cell rear.  Furthermore, as described in section 4.4, migrating cells were divided 
into leading edge, middle and cell rear, the number of fusion events per region 
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were re-analysed but no difference in the number of fusions was seen (data not 
shown).  Therefore these data show that polarised Rab25-dependent trafficking 
does not occur during epithelial wound healing. 
 
4.6 Discussion 
This study represents the first systematic study examining polarised exocytosis 
and endocytosis in a single migratory model.  In this chapter the potential for 
polarised distribution of caveolar endocytosis, Rab11a and Rab25 endosomal 
recycling events was examined during epithelial wound healing.  Published 
observations from this study (Fletcher et al., 2012) and previous data 
(Rappoport & Simon, 2003) show that within the MDCK epithelial cell scratch 
wound model, CME is excluded from the rear of the cell.  Conversely, caveolae 
are polarised away from the leading edge.  In contrast, neither Rab11- nor 
Rab25-mediated recycling were polarised. 
Through application of TIRF microscopy these data show that caveolae are 
preferentially localised to the rear of epithelial cells migrating on 2D surfaces as 
previously demonstrated in ECs (Galvez et al., 2004; Isshiki et al., 2002a; Parat, 
Anand-Apte, & Fox, 2003).  Furthermore, Parat et al., (2003) identified initial 
caveolin1 distribution at the cell rear in 2D migrating ECs, however during 
invasion through Transwell filter pores, caveolin1 was released from rear 
caveolae structures and re-localised to a cytoplasmic distribution polarised to 
protruding cell front (Parat, Anand-Apte, & Fox, 2003).  These data indicate that 
migratory stimulus and mode of migration (2D crawling or 3D invasion) can alter 
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polarisation and localisation of vesicle trafficking pathways, but also emphases 
the importance of studying a variety of pathways in a single model.  
However it must be noted, although data presented in this chapter predicts 
increased caveolar endocytosis at the rear of the migrating epithelial cell, actual 
endocytosis events were not examined.  Importantly, functions other than 
caveolar endocytosis have been proposed for both caveolae and caveolin1, 
which may explain the mechanism by which polarised caveolae regulate cell 
migration (reviewed fully in Navarro, Anand-Apte, & Parat, 2004).  Many 
signalling molecules are compartmentalised into caveolae, thus caveolae may 
act as a platform for co-ordination of signalling pathways required for cell 
migration.  Work by Labrecque et al., (2003) demonstrated vascular endothelial 
growth factor receptor-2 (VEGFR-2) localisation to caveolae and interaction with 
caveolin1 was required for regulation of VEGFR-2-mediated ERK signalling and 
EC migration (Labrecque et al., 2003).  Furthermore, caveolin1 has been shown 
to perturb Rac and CDC42 activity but increase Rho activity by inhibition of the 
Src p190RhoGAP pathway (Grande-Garcia et al., 2007; Joshi et al., 2008).  
Rho is required for regulation of actomysin stress fibres and endosomal 
trafficking (Heasman & Ridley, 2008).  Moreover, Rho has exhibited rear 
localisation in migrating fibroblasts during wound healing (Goulimari et al., 
2005) thus the spatial polarisation of caveolin1 to the cell rear observed in this 
chapter may be required for effective regulation of Rho GTPases. 
An alternate role for caveolae has been shown to exist in response to 
mechanical stress.  Recent findings from the laboratory of Christoph Lamaze, 
have demonstrated that in cells undergoing mechanical stress and increased 
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membrane tension due to hyperosmotic shock, caveolae flatten and undergo 
disassembly (Sinha, et al., 2011).  Many studies have shown alterations in 
membrane tension during cell migration (Tan et al., 2003; Dembo & Wang, 
1999).  Potentially, the rear localisation of caveolae could act as a membrane 
reserve during cell migration buffering alterations in membrane tension.  
Alternatively, increased membrane tension in the lamellipodium could restrict 
the presence of caveolae in this region.  Results from chapter 3, establish a 
clear function for caveolae in cell migration (Figure 3.6).  Whilst, expression of 
caveolin(1Y14F)-GFP inhibits caveolar endocytosis (Figure 3.7) this mutant also 
abrogates caveolar biogenesis (Orlichenko et al., 2006).  Thus, the migratory 
defects observed upon expression of caveolin1(Y14F) may be due to any of the 
previously proposed mechanisms ranging from effects on signalling, response 
to mechanical stress or uptake of cell adhesion molecules.  However, in this 
chapter it is confirmed that caveolae are polarised to the rear of migrating 
MDCK cells. Yet, the requirement for this caveolar polarisation is unknown. 
This chapter also examined polarisation of Rab11- and Rab25-mediated 
endosomal recycling.  Using TIRF microscopy to only excite Rab11-
GFP/Rab25-GFP near the adherent plasma membrane, fusion events of Rab11 
and Rab25 positive vesicles were observed (Ward et al., 2005).  This study 
confirmed the Rab11 and Rab25 vesicle trafficking pathways were not polarised 
in the adherent surface of migrating MDCK epithelial cells.  The exact role of 
Rab11 and Rab25 in regulating membrane trafficking in migrating epithelial cells 
is currently unknown (as described in section 1.10).  However, inferences can 
be drawn from examining trafficking in polarised MDCK cells.  Work by 
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Casanova et al., (1999) identified both Rab11 and Rab25 localisation to the 
apical recycling endosome (See Figure 1.6) (Casanova et al., 1999).  In studies 
by Casanova et al., (1999) overexpression of Rab25 in MDCK cells affected 
basolateral to apical transcytosis, but had no effect on apical or basolateral 
recycling (See Figure 1.6).  Whilst, inhibition of Rab11a by a GTP binding-
deficient and GTPase deficient mutants had no effect on basolateral recycling, 
but affected apical recycling and transcytosis to varying extents (Casanova et 
al., 1999; Wang et al., 2000).  Recent work by the Lencer laboratory has further 
established the role of Rab25 in transcytosis and Rab11a in basolateral 
recycling (Tzaban et al., 2009).  Evidently in polarised MDCK cells both Rab11 
and Rab25 trafficking pathways have a specific function in polarised trafficking 
of cargo both locally and across apical and basolateral membranes.  However, 
in migrating MDCK cells basolateral and apical polarity no longer exists, instead 
cells develop a front-rear axis of polarity.  In non-apically basolaterally polarised 
cells, Rab11 is required for “long-loop” trafficking via the PNRC (Ullrich et al., 
1996; Zeng et al., 1999) (Figure 1.5).  Yet, in non-polarised MDCK cells grown 
on glass, Rab11 localises to an organelle similar to the apical recycling 
endosome, however this organelle is not required for transferrin recycling thus 
is not comparable to the PNRC (Brown et al., 2000).  This suggests Rab11 
functions in disparate pathways in cells capable of apical basolateral 
polarisation to those unable to polarise.  In the previous chapter, a clear role for 
Rab11 in MDCK cell migration was observed (Figure 3.11), this function is 
unknown but this current study has established exocytosis of vesicles from the 
Rab11 trafficking pathway is not polarised during epithelial cell migration.  
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Unlike Rab11, no studies have been performed in examining Rab25 function 
and endosomal localisation in non-polarised MDCK cells, yet results from this 
chapter have established exocytosis of Rab25 positive vesicles are not 
polarised during epithelial wound healing. 
Combining the results from this chapter with those of the previous chapter has 
enabled further development of an overall model for the role of vesicle 
trafficking in epithelial cell migration.  In this model, CME occurs in middle to 
front regions of the adherent plasma membrane (Rappoport & Simon, 2003), 
whilst caveolar endocytosis occurs towards the rear of the adherent surface of 
migrating epithelial cells.  Upon internalisation of cargo from the plasma 
membrane, this cargo is then recycled via Rab11-mediated trafficking in a non-
polarised fashion (Figure 4.5.).  This model represents a departure from earlier 
models which suggest cell migration requires endocytosis at the trailing edge 
and polarised exocytosis at the leading edge (Bretscher, 1996; Palecek et al., 
1996; Sheetz et al., 1999). 
 
4.7 Key chapter findings 
 During epithelial wound healing caveolae are polarised to the rear of the 
adherent plasma membrane. 
 Exocytosis of cargo from the Rab11- and Rab25-mediated trafficking 
pathways is not polarised in migrating MDCK cells.  
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Figure 4.5. Schematic diagram showing polarised trafficking in migrating 
epithelial cells.  Diagram demonstrating CME polarised to the front and 
caveolar endocytosis polarised to the rear of migrating MDCK cells.  This model 
also shows exocytosis of cargo from the Rab11 and Rab25 recycling pathways 
is not polarised in migrating MDCK cells.     
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4.7 Conclusion 
As one of the first studies to systematically evaluate the role of vesicle 
trafficking using a single migratory model, this study confirms caveolae are 
polarised to the cell rear and are required for steady-state migration (chapter 2).  
Whilst exocytosis of Rab11 positive vesicles is not polarised, however is a 
requirement for effective MDCK cell migration (chapter 2).  This study also 
identified that exocytosis of cargo from the Rab25-dependent recycling pathway 
is also not polarised during epithelial wound healing. 
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CHAPTER 5 
 
 
TRAFFICKING OF ADHESION COMPLEXES DURING 
EPITHELIAL CELL MIGRATION 
 
5.1 Introduction 
In the past decades, much work has been performed examining the dynamics 
of cell adhesions.  Cell adhesions are vital structures, functioning to anchor cells 
both to an ECM and to neighbouring cells.  The most widely studied adhesive 
structures are FAs.  FAs form in both 2D and 3D culture systems and attach the 
cell via its cytoskeleton to the ECM.  During cell migration these attachments 
undergo assembly, maturation and disassembly, a process integral for 
successful cellular translocation (Caswell et al., 2009; Lauffenburger & Horwitz, 
1996; Valdembri et al., 2009).  Another type of adhesion structure are 
intercellular adhesions.  Re-modelling of these adhesions is required for 
collective cell migration and their disassembly has been implicated in EMT 
where cells develop a more migratory and invasive phenotype (Zavadil & 
Bottinger, 2005).  Evidently, regulation of adhesive structure dynamics is 
implicated in cell migration. 
One mechanism through which cell adhesion structures may be regulated is 
through trafficking of adhesion complex components.  FAs and cell-cell 
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adhesions have a highly similar structural organisation.  They are multi-protein 
complexes consisting of transmembrane proteins, signalling molecules (which 
regulate adhesion turnover) and scaffolding molecules which couple 
transmembrane proteins to the cell cytoskeleton (Brennan et al., 2010; Mitra, 
Hanson, & Schlaepfer, 2005; Niessen, 2007; Petit & Thiery, 2000).  In the case 
of FAs the ectodomain of the transmembrane proteins bind the ECM, while in 
cell-cell junctions these extracellular domains polymerise with the extracellular 
regions of homologous proteins in neighbouring cells.  The cytoplasmic 
domains of the transmembrane components of adhesive structures have been 
confirmed as cargo for endocytosis and trafficking in many studies (Camand et 
al., 2012; Caswell & Norman, 2006; Ivanov, Nusrat & Parkos, 2004; Marchiando 
et al., 2010; Roberts et al., 2001; Stamatovic et al., 2009; White, Caswell, & 
Norman, 2007; Woods et al., 2004; Xia et al., 2009).  One of the most widely 
researched transmembrane components of FAs are integrins.  Integrins bind 
immobilised ligands in the ECM, and via scaffolding proteins (paxillin, vinculin, 
talin, etc) are linked to the actin cytoskeleton.  Integrins also function in 
signalling during FA formation and disassembly (reviewed in Scales & Parsons, 
2011).  Integrins have been identified to undergo internalisation via many 
endocytosis pathways (summarised in Fletcher & Rappoport, 2010) and have 
been linked to regulation of migration, cell spreading and maintenance of cell 
directionality (Caswell & Norman, 2006; Roberts et al., 2001; White, Caswell, & 
Norman, 2007; Woods et al., 2004).  Like FAs, some cell-cell adhesion 
components have been shown to undergo endocytosis during disassembly of 
the adhesive structure.  One such adhesion structure are TJs and the 
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transmembrane protein occludin.  Occludin has been demonstrated to undergo 
endocytosis by both clathrin-mediated and caveolar endocytosis during 
disassembly of TJs in a manner dependent on stimulus (Ivanov, Nusrat, & 
Parkos, 2004; Marchiando et al., 2010; Stamatovic et al., 2009; Xia et al., 
2009).  Occludin has been implicated in regulation of cell migration as loss of 
occludin from TJs and TJ disassembly is observed during EMT where cells 
become more migratory (Grande et al., 2002).  Additionally, occludin has been 
shown to interact with several polarity complexes both at the TJ and the leading 
edge (during wound healing) (Du et al., 2010).  These complexes mediate 
effects on cell migration facilitating actin polymerisation and membrane 
protrusion at the leading edge via activation of Rac and Cdc42 (Dow et al., 
2007; Du et al., 2010; Ozdamar et al., 2005; Shin, Wang, & Margolis, 2007).  
Thus, occludin is a protein which undergoes internalisation and may function in 
cell motility, however the extent to which specific vesicle trafficking pathways 
regulate migration via occludin is currently unknown. 
Therefore, in this study the aim was to examine the potential for dynamin-
dependent internalisation pathways in regulation of adhesion complexes during 
collective epithelial cell migration.  Chapters 3 and 4 have previously described 
the potential for endocytosis and trafficking in regulation of epithelial cell 
migration, this section will now identify the function of these pathways in FA and 
TJ turnover.  This study is of particular importance as most of the work 
previously examining the role of FA turnover/integrin trafficking has been 
performed in fibroblasts,  ECs and leukocytes (e.g. neutrophils) (Fletcher & 
Rappoport, 2010; Fletcher & Rappoport, 2009).  Therefore, this study is the first 
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to examine the potential for endocytosis in regulation of FA dynamics in cells 
with significant cell-cell junctions.  Furthermore, this chapter will examine the 
potential for endocytosis of the TJ protein occludin in modulation of collective 
epithelial cell migration. 
The results from this study found markers of clathrin-mediated and caveolar 
endocytosis do not co-localise with FA components during epithelial cell 
migration.  Combined with evidence from Fletcher et al., 2012, demonstrating 
inhibition of the aforementioned pathways did not affect FA dynamics during 
wound healing, these data suggest dynamin-dependent endocytosis has little 
role in regulating FA turnover in motile epithelial cells.  Instead this work 
implicates CME of occludin from the wound edge to Rab5 positive endosomal 
compartments as a novel mechanism for regulating epithelial wound healing.  
Additionally, this redistribution of occludin from the wound edge was required for 
effective epithelial cell migration.  Finally, the second extracellular loop of 
occludin is required for its effective removal from the leading edge. 
 
5.2 Results 
 
Prior to assessing the role of endocytosis in regulation of FAs during epithelial 
cell migration, fluorescent exogenous FA markers had to be verified to confirm 
correct FA localisation.  Exogenously expressed GFP-tagged 3-integrin and 
mRFP-paxillin have both been previously utilised as FA markers (Parsons et al., 
2008; Tsuruta et al., 2002).  3-integrin is a transmembrane protein (previously 
shown to be expressed endogenously in MDCK cells (Schoenenberger et al., 
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1994)), which localises to FAs and may represent a potential cargo for 
endocytosis during FA disassembly.  To mark any non 3-integrin containing 
FAs, Paxillin-mRFP, a scaffolding protein present at all stages of FA turnover 
was used (Deakin & Turner, 2008).  IC using antibodies which identify pFAK 
was used as an endogenous FA marker (Ezratty et al., 2005; Huveneers & 
Danen, 2009).  A high level of co-localisation between both exogenous and 
endogenous FA markers was observed suggesting overexpression of these 
proteins did not cause miss-localisation to non-FA structures or affected FA 
morphology (shown in Fletcher et al., 2012).    
As a second control study to validate the method of analysis used to determine 
co-localisation between FA and endocytosis markers, co-localisation between 
the Src family kinase member Fyn and the FA marker paxillin-mRFP was 
analysed during epithelial wound healing (shown in Fletcher et al., 2012).  SFKs 
have been implicated in regulation of disassembly of FAs during migration 
(Buettner et al., 2008; Dumont et al., 2009; Milano et al., 2009; Pichot et al., 
2009; Webb et al., 2004), and in particular Fyn has been demonstrated to bind 
FA components (Li et al., 1996) and co-localise with FAs (Reddy, Smith, & 
Plow, 2008).  A significant level of co-localisation was observed between Fyn 
and paxillin-mRFP, validating analysis strategies used in this study.  
 
- 147 - 
 
5.3 Markers of clathrin-mediated endocytosis do not co-localise with focal 
adhesions 
As described previously, dynamin is required for both clathrin-mediated and 
caveolar endocytosis.  Recent studies have also suggested dynamin may be 
required for effective microtubule-induced FA disassembly as well as 
internalisation of specific integrin heterodimers (Chao & Kunz, 2009; Ezratty et 
al., 2009).  Preliminary studies were performed to examine the function of 
dynamin-dependent internalisation in regulation of FAs during epithelial wound 
healing.  These studies used exogenously expressed dynamin2-GFP and 
paxillin-mRFP to identity co-localisation between dynamin and FAs.  
Additionally the Dyn2(K44A) mutant was expressed alongside FA markers to 
examine alterations in FA turnover (quantifying FA size and distribution) upon 
inhibition of dynamin-dependent endocytosis.  These studies found no 
significant level of co-localisation between dynamin and FAs, and expression of 
Dyn2(K44A) had no effect on FA turnover in MDCK cells during epithelial 
wound healing (data shown in Fletcher et al., 2012).       
Although no significant role for dynamin in regulation FA dynamics in migrating 
epithelial cells was identified in the aforementioned study, the function of 
specific dynamin-dependent pathways in FA dynamics was examined further.  
Specifically a function for clathrin-mediated endocytosis.  Recent studies have 
implicated clathrin-mediated endocytosis of integrins as a mechanism involved 
in disassembly of FAs (Chao & Kunz, 2009; Ezratty et al., 2009).  However, 
these observations were performed in fibroblast derived cell lines, and no 
previous work has examined CME in regulation of FAs in epithelial cell lines.   
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MDCK cells were transiently transfected with the previously validated FA 
marker β3-GFP (Fletcher et al., 2012) and dsRed-clathrin (light chain) a widely 
used marker of CME (Rappoport et al., 2008; Saffarian, Cocucci, & 
Kirchhausen, 2009) to assess co-localisation.  Cells were imaged as they 
underwent collective migration to heal a scratch to the epithelial monolayer 
performed 18 hours previously, and imaged using TIRF microscopy.  As can be 
seen in Figure 5.1a there was no observable co-localisation between β3-GFP 
and dsRed-clathrin.  Data were analysed by outlining each β3-GFP containing 
FA, and counting co-localisation between these FAs and dsRed-clathrin.  As the 
control, the outlined regions were moved to nearby β3-GFP  negative regions 
and co-localisation with dsRed-clathrin measured.  Initial observations showed 
no significant co-localisation between β3-GFP and dsRed-clathrin in the 
adherent plasma membrane of migrating MDCK cells (data not shown).   
Therefore, the cells were divided into regions, as region specific co-localisation 
between FAs and endocytosis markers has been observed (Ezratty et al., 
2009).  Each cell was divided into 3 equal length sections in the direction of 
migration (front, middle and back) and again co-localisation between β3-GFP 
and dsRed-clathrin analysed.  Once more no significant co-localisation between 
FAs and clathrin was observed in any region of the adherent plasma membrane 
during epithelial monolayer migration.  This evidence was further supported in 
data from Fletcher et al., 2012 where time lapse imaging demonstrated that at 
no point during FA formation and disassembly did dsRed-clathrin co-localise 
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with β3-GFP in migrating MDCK cells.  Additionally inhibition of clathrin-
mediated endocytosis by the previously validated (Figure 3.5) Eps15(EH29) 
mutant had no effect on FA distribution or size (data not shown, Fletcher et al., 
2012).  Together the data suggests CME has a minimal function in regulation of 
FA dynamics during epithelial wound healing. 
 
5.4 Markers of caveolar endocytosis do not co-localise with focal 
adhesions 
Another well researched dynamin-dependent internalisation pathway is caveolar 
endocytosis.  Caveolar endocytosis has recently come to light as a pathway 
which may regulate FA dynamics.  Several lines of research have implicated 
caveolar endocytosis in internalisation of specific integrin heterodimers 
(reviewed fully in Fletcher & Rappoport, 2010).  Using the same experimental 
and analysis parameters as in section 5.3, this study utilised β3-GFP as a FA 
marker and caveolin1-mRFP as a marker of caveolae (as seen in section 4.3) 
and co-localisation between caveolar endocytosis and FAs was assessed.  As 
shown in Figure 5.2, there was no significant co-localisation between β3-GFP 
containing FAs and caveolin1-mRFP during epithelial migration in either the 
entire adherent plasma membrane (data not shown), or the adherent membrane 
when divided into 3 regions.  Again this conclusion was confirmed by further 
studies.  In time lapse studies of migrating MDCK cells; β3-GFP containing FAs 
undergoing assembly/disassembly failed to co-localise with caveolin1-mRFP 
(data not shown, Fletcher et al., 2012).  Additionally inhibition of caveolar 
endocytosis by the previously validated caveolin1(Y14F) (Figure 3.7) had no
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effect on either FA size or distribution (data not shown Fletcher et al., 2012).   
Together the data demonstrate caveolar endocytosis has a minimal function in 
regulation of FA dynamics during collective epithelial cell migration.  
 
5.5 Wound formation stimulates occludin redistribution from the leading 
edge to Rab5-GFP positive early endosomes 
Observations in sections 5.2-5.4 suggest CME, caveolar or dynamin-dependent 
endocytosis does not regulate collective epithelial migration via FA turnover. 
However, as documented in section 3.3-3.5, these pathways are integral for 
effective MDCK cell migration. Therefore, this chapter examined one of the 
main physiological differences between epithelial and non-epithelial cells; the 
role of intercellular adhesive structures during epithelial wound healing.  In 
particular this work focused on TJs as well as trafficking and localisation of the 
TJ protein occludin.  Localisation of endogenous occludin was investigated 
during the initial stages of development of a motile phenotype and during steady 
state migration.  A confluent monolayer of MDCK cells expressing Rab5-GFP 
as an early endosomal marker (Maxfield and McGraw, 2004), was wounded 
and the cells allowed to migrate for 5, 15 or 60 minutes before fixation and IC 
(staining endogenous occludin) was performed.  Confocal microscopy was 
utilised to image occludin localisation during wound healing.  As demonstrated 
in Figure 5.3, occludin distribution at lateral membranes adjacent to 
neighbouring cells remains unchanged up to 60 minutes after wounding.  
However, redistribution of occludin from the plasma membrane at the wound 
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Figure 5.3. During epithelial wound healing endogenous occludin 
redistributes from the leading edge to Rab5 positive early endosomes. 
MDCK cells were transfected with Rab5-GFP (green), the confluent 
monolayer was wounded and the cells allowed to migrate for 5, 15 or 60 
minutes before fixation and immuno-localisation using rabbit anti-occludin 
(1:250 dilution) and donkey anti-rabbit-Alexa Fluor 568 (1:200 dilution) 
(red).  (A) Confocal microscopy showed redistribution of occludin from the 
wound edge and increased occludin and Rab5-GFP co-localisation at 15 
minutes. (B) Quantification of co-localisation of Rab5-GFP and Occludin. * 
p≤0.05, n=3 repetitions, at least 20 cells analysed per time point.  White 
arrow denotes direction of migration.     
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edge is observed 15 minutes post-wounding (Figure 5.3).  This lack of occludin 
at the wound edge is still apparent 60 minutes post-wounding; by one hour 
post-wounding a migratory phenotype with a well spread leading lamella can be 
observed. 
In order to determine whether the redistribution of occludin from the wound 
edge occurs via endocytosis; co-localisation between endogenous occludin and 
the endosomal marker Rab5 was measured in Rab5-GFP expressing cells.  Co-
localisation was measured using a Pearson’s Correlation Coefficient in 
automatically selected ROIs.  As identified in Figure 5.3a, at 5 minutes there is 
minimal co-localisation between Rab5-GFP and occludin.  However this co-
localisation was significantly increased by 15 minutes.  Interestingly, by 1 hour 
co-localisation of occludin with Rab5 positive endosomes was reduced. 
Therefore these data suggest that upon wound formation, occludin is 
internalised from the leading edge to early endosomal compartments, 
suggesting that monolayer wounding can serve as a stimulus for occludin 
endocytosis. 
 
5.6 Occludin redistribution from the leading edge is dynamin-dependent 
To further elucidate the mechanism mediating occludin internalisation from the 
leading edge, a role for dynamin-dependent endocytosis in this process was 
examined.  For this we utilised Dynasore to inhibit dynamin-dependent 
endocytosis (validated in Figure 3.2).  MDCK cells expressing GFP were treated 
with DMSO (control) or Dynasore, wounded and allowed to migrate for 15
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minutes (15 minutes allowed complete occludin redistribution from the wound 
edge in Figure 5.3).  Immunocytochemistry was performed and endogenous 
occludin imaged by confocal microscopy.  The plasma membrane localisation of 
occludin at the wound edge was analysed using line scan analysis measuring 
peak intensity in the lamellipodial region.  As observed in Figure 5.4, a 40% 
increase in occludin localisation at the wound edge was observed in cells 
treated with Dynasore in comparison to DMSO treated cells.  These data 
suggest that dynamin-dependent endocytosis is required for occludin 
internalisation from the wound edge during epithelial wound healing. 
 
5.7 Inhibition of clathrin-mediated endocytosis results in increased 
occludin behind the leading edge 
As previously demonstrated and verified (Figure 3.2), Dynasore inhibits multiple 
endocytosis pathways including clathrin-mediated and clathrin-independent 
endocytosis (Doherty & McMahon, 2009).  Therefore, the aim of this section 
was to specifically identify the dynamin-dependent endocytosis pathway 
required for internalisation of occludin from the leading edge during epithelial 
wound healing.  For this, selective inhibition of CME and caveolar endocytosis 
was achieved by expression of Eps15(EH29)-GFP and caveolin1(Y14F)-GFP 
mutants respectively (Figures 3.5 and 3.7) (Benmerah et al., 1999; Orlichenko 
et al., 2006).  Directed migration was initiated by wounding a confluent 
monolayer of cells expressing the aforementioned constructs.  The cells were 
allowed to migrate for 1 hour before fixation and immunocytochemistry, staining 
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Figure 5.5. Inhibition of CME prevents redistribution of occludin from the 
wound edge.  MDCK cells were transfected with GFP, Eps15(EH29)-GFP or 
caveolin1(Y14F)-GFP DNA (green), the monolayer was wounded and the cells 
allowed to migrate for 60 minutes before fixation and immuno-localisation using 
rabbit anti-occludin (1:250 dilution) and donkey anti-rabbit-Alexa Fluor 568 
(1:200 dilution) (red).  (A) Confocal microscopy image showing inhibition of 
CME prevents redistribution of occludin from the wound edge whilst inhibition of 
caveolar endocytosis did not alter the redistribution phenotype.  (B) 
Quantification showing increased occludin intensity at the leading edge of cells 
expressing Eps15(EH29)-GFP.  (C) Quantification showing overexpression of 
Eps15(EH29)-GFP and caveolin1(Y14F)-GFP did not affect lamellipodial 
formation when the ratio of cell body to cell lamellipodia was measured.  *** 
p≤0.001, n=3 repetitions, 15 cells of each expression condition were measured.  
White arrow denotes direction of migration.    
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endogenous occludin.  Upon inhibition of these pathways, occludin localisation 
at the plasma membrane bordering the wound edge was quantified as in 
section 5.6.  As depicted in Figure 5.5 in cells expressing GFP, 1 hour post-
wounding the leading edge was completely devoid of occludin staining and a 
broad lamellipodia was formed.  In cells were caveolar endocytosis was 
inhibited, all occludin had been internalised from the wound edge, as observed 
in GFP expressing cells.  However, as demonstrated in Figure 5.5, in cells 
where CME was inhibited occludin remained at the wound edge 1 hour after 
wounding.  Occludin was localised to a band posterior to the leading edge 
plasma membrane.  In all three conditions, lateral membrane occludin 
localisation remained unaltered.  It was also shown that inhibition of CME and 
caveolar endocytosis had no effect on the ability of cells to generate 
lamellipodia, with cell body area:lamellipodia area remaining similar in all three 
conditions (Figure 5.5c).  Therefore these data suggest that clathrin-mediated 
endocytosis, not caveolar endocytosis is required for redistribution of occludin 
from the leading edge.  However failure to achieve this redistribution did not 
affect generation of a lamellipodia in migrating MDCK cells. 
 
5.8 Inhibition of clathrin-mediated endocytosis does not affect ZO1 
localisation 
In order to determine whether leading edge occludin present after inhibition of 
endocytosis remained as part of a TJ complex, the experiment performed in 
section 5.7 was repeated and localisation of endogenous ZO1 observed.  ZO1 
is a scaffolding protein which is localised to TJs, functioning to link occludin to 
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the actin cytoskeleton (Steed, Balda, & Matter, 2010).  CME was inhibited by 
expression of Eps15(EH29)-GFP and cells were probed for ZO1 1 hour post-
wounding and imaged by confocal microscopy.  As observed in Figure 5.6, ZO1 
is clearly localised to the lateral membranes of migrating MDCK cells.  To 
measure ZO1 localisation at the leading edge, cells were analysed as in section 
5.7 and peak ZO1 intensity recorded.  Figure 5.6 demonstrates in GFP 
expressing cells, ZO1 is absent from the area behind the forming leading edge.  
Inhibition of CME had no effect on ZO1 localisation and upon expression of 
Eps15(EH29)-GFP, ZO1 remained absent from the plasma membrane at the 
wound edge. Therefore, these data suggests inhibition of occludin endocytosis 
does not lead to retention of full TJ complexes at the forming leading edge. 
 
5.9 Overexpression of GFP-occludin localises to the plasma membrane 
including the leading edge and decreases MDCK cell migration 
Previous observations in this chapter have led to development of the hypothesis 
that clathrin-mediated endocytosis of occludin from the wound edge, into an 
early endosomal compartment, is stimulated by monolayer wounding.  In 
numerous cases over-expression of membrane proteins has resulted in 
increased plasma membrane localisation.  Similarly inhibition of endocytosis 
often causes the density of cargo to increase in the cell-surface, often with 
functional consequences (Butterworth et al., 2009; Gumpert et al., 2008; Hirsch, 
Varella-Garcia, & Cappuzzo, 2009; Liu et al., 2010; Lu et al., 2004; Volchuk et 
al., 1998).  Thus, this study examined the hypothesis that increased plasma 
membrane localised occludin will lead to saturation of the mechanism which 
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Figure 5.7. Over-expression of GFP-occludin leads to increased plasma 
membrane localised occludin, enrichment of occludin at the leading edge 
and decreased MDCK cell migration.  MDCK cells were transfected with GFP-
occludin, the monolayer was wounded and the cells allowed to migrate for 60 
minutes before confocal imaging.  (A) Brightfield and confocal image showing 
increased GFP-occludin at the wound edge. (B) Cell-surface biotinylation and 
Western blot analysis demonstrating increased occludin in the plasma membrane 
of cells expressing GFP-occludin compared to GFP control (n=3). The membranes 
were probed with primary rabbit anti-occludin antibody (diluted 1:500) and 
secondary anti-rabbit-HRP antibody (diluted 1:10000). (C) MDCK cells were 
transfected with GFP or GFP-occludin, the monolayer was wounded and imaged 
by epifluorescence and brightfield every 10 minutes for 6 hours.  MDCK cells 
expressing GFP-occludin had significantly slower migration rates in comparison to 
GFP expressing controls. ***=p ≤0.001, n=160 cells from each condition measured 
from 4 independent experiments.     
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mediates redistribution of occludin from the wound edge, resulting in migratory 
defects.  Therefore,  this study utilised over expression of a previously 
described GFP-tagged occludin construct (Liu et al., 2010) at the plasma 
membrane and identified alterations in MDCK cell migration. 
As is demonstrated in Figure 5.7b, in MDCK cells expressing GFP-occludin, 
Western blotting shows a band at 80kDa indicating GFP-occludin is present in 
over expressed whole cell lysate samples.  Furthermore, in a cell-surface 
biotinylation assay (where only biotinylated plasma membrane proteins are 
pulled down by NeutrAvidin beads), GFP-occludin is observed at the plasma 
membrane.  Also, the cell-surface biotinylation Western blot showed GFP-
occludin was incorporated into the plasma membrane at approximately a 
threefold higher level than endogenous occludin (a band seen in all samples at 
~58kDa).  A band is observed in all lanes at approximately 46kDa, the identity 
of this band is unknown but may be a degradation product of occludin.  
Observations, of GFP-occludin localisation in live cells undergoing steady state 
migration show enrichment of occludin at the leading edge (Figure 5.7a).  In 
74% of cells assessed (14/19) occludin was seen at the cell-lamellipodium 
boundary, similar to what is observed following inhibition of endocytosis.  As 
shown in Figure 5.7c, overexpression of GFP occludin led to a significant 
reduction in the rate of migration of MDCK cells relative to GFP control cells.  
This confirms that increasing the amount of occludin in the plasma membrane 
specifically at the wound edge, is sufficient to reduce the rate of epithelial cell 
migration during wound healing. 
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5.10 Deletion of the second extracellular loop of occludin leads to 
increased localisation at the wound edge 
 
To further analyse the role of vesicle trafficking in redistribution of occludin from 
the wound edge, a mutant variant of occludin (previously shown to localise to 
the plasma membrane, but not present in a dynamin containing protein 
complex) (Liu et al., 2010) was utilised. 
This occludin mutant, GFP-occludin(EL2), has had the second extracellular loop 
deleted (Liu et al., 2010).  As depicted in Figure 5.8a and quantified in 5.8b, 
peak occludin fluorescence at the leading edge (measured as described in 
section 5.7) shows that localisation of the DelE2 occludin mutant is significantly 
increased in the forming lamellipodia following monolayer wounding relative to 
GFP-occludin.  A wound healing assay was also performed on cells expressing 
either GFP-occludin or GFP-occludin(EL2).  Figure 5.8c demonstrated there 
was no significant difference in the rate of migration of cells expressing either 
GFP-occludin or GFP-occludin(EL2).  As observed previously (Figure 5.7c), 
overexpression of GFP-occludin decreased migration, potentially further 
inhibition of occludin endocytosis by deletion of the second extracellular loop 
may have no further migratory effect due to complete saturation of the occludin 
endocytosis pathway upon wild type overexpression.  Therefore, occludin 
incorporation into a dynamin containing protein complex may be required for 
occludin endocytosis and when this does not occur redistribution of occludin 
following wounding is further perturbed.  Taken together, these results support 
the hypothesis that endocytosis regulates epithelial cell migration during 
- 165 - 
 
 
 
 
Figure 5.8.  Deletion of the second extracellular loop of occludin leads 
to increased localisation of occludin at the cell edge bordering the 
wound.  (A-B) MDCK cells were transfected with GFP-occludin or GFP-
occludin(EL2)-GFP.  The monolayer was wounded and the cells allowed to 
migrate for 1 hour before confocal imaging.  (A) Confocal image showing 
increased localisation of GFP-occludin at the leading edge upon deletion of 
the second extracellular loop of occludin.  (B)  Quantification showing 
increased GFP-occludin(EL2) localisation at the leading edge in comparison 
to GFP-occludin.  (C) MDCK cells were transfected with GFP-occludin or 
GFP-occludin(EL2)-GFP, the monolayer was wounded and imaged by 
epifluorescence and brightfield every 10 minutes for 6 hours.  There was no 
alteration in the rate of migration between MDCK cells expressing GFP-
occludin and GFP-occludin(EL2). ***=p ≤0.001, n=160 cells from each 
condition measured from 4 independent experiments   
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wound healing through redistribution of occludin from the site of leading lamella 
formation. 
 
5.11 Discussion 
The hypothesis that vesicle trafficking has a significant function in cell migration 
has gained increased credence since initial reports in the early 1980s where 
trafficking of membrane lipid to the extending leading lamella was implicated in 
cell migration (Bretscher, 1984).  Currently, several potential mechanistic roles 
for endocytosis and trafficking during cell migration have been proposed 
including trafficking of cell adhesion molecules, activated growth factor 
receptors, and polarised exocytosis of proteases during invasion  (Bailly et al., 
2000; Bretscher, 1996; Caldieri et al., 2012; Caswell & Norman,  2006; Fletcher 
& Rappoport, 2010; Sheetz et al., 1999).  It is now becoming apparent, that the 
role for a specific vesicle trafficking pathway may be cell-line specific and vary 
dependent upon migratory stimulus (Fletcher & Rappoport, 2010; Gu et al. 
2011).  This is demonstrated in chapter 3, where inhibition of the biosynthetic 
secretory pathway had no effect on MDCK cell migration, however the same 
mechanism of inhibition in a fibroblast cell lines caused significant migratory 
defects (Prigozhina & Waterman-Storer, 2004).  Data from chapters 3 and 4 
indicate the role of vesicle trafficking in epithelial cell migration may be 
significantly different from other cell types.  Therefore, this study has sought to 
identify the role of vesicle trafficking in regulation of cell-cell matrix and cell-cell 
adhesion structures. 
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Data from this chapter indicates that during collective epithelial migration in 
response to a scratch wound, FAs dynamics are not regulated by CME, 
caveolar or dynamin-dependent endocytosis.  However, upon wound formation 
the TJ protein occludin is internalised from the wound edge to a Rab5 positive 
early endosomal compartment in a manner dependent on CME.  Furthermore, 
this redistribution of occludin from the leading edge was required for effective 
cell epithelial migration. 
The results obtained in chapter 3 demonstrated that inhibition of dynamin, 
caveolar and clathrin-mediated endocytosis all had a significant effect on 
epithelial cell migration.  Furthermore, previous research (Rappoport & Simon, 
2003) and findings in chapter 4 showed that caveolar endocytosis and CME are 
polarised to different regions of the adherent plasma membrane in migrating 
MDCK cells, with caveolar endocytosis polarised to the rear, and CME localised 
to the cell front.  Together these data may indicate a role for polarised CME or 
caveolar endocytosis in FA regulation during MDCK cell migration.  This 
hypothesis is based upon evidence derived from studies in fibroblast cell lines.  
Work from Gregg Gundersen’s lab has demonstrated that clathrin-mediated 
endocytosis plays an important role in FA disassembly (Ezratty et al., 2009).  
This evidence has been supported in studies by Chao and Kunz (2009), where 
inhibition of CME impaired FA disassembly and cell migration (Chao & Kunz, 
2009).  Furthermore, caveolar endocytosis has also been implicated in FA 
disassembly in work by Upla et al, (2004) where the integrin heterodimer α2β1 
was demonstrated to undergo internalisation by caveolar endocytosis in a 
manner dependent upon PKC in osteosarcoma cell lines (Upla et al., 2004).  
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However it is important to clearly delineate whether there is localised 
endocytosis of integrins from disassembling FAs, something no previous 
studies have directly demonstrated.  Therefore this chapter addressed the 
potential role of the dynamin-dependent internalisation pathways (CME and 
caveolar endocytosis) in regulation of FA turnover during epithelial wound 
healing. 
Preliminary work was performed to identify a suitable marker for FAs in MDCK 
cells (Fletcher et al., 2012).  Although several fluorescently labelled constructs 
were demonstrated to localised to FAs (Fletcher et al., 2012), the studies 
performed is chapter 5 utilised β3-integrin fluorescently labelled with GFP as a 
FA marker.  β3 is expressed endogenously in MDCK cells and has also been 
widely validated, is fully functional, capable of activation and is incorporated into 
FA structures (Schoenenberger et al., 1994; Tsuruta et al., 2002).  Co-
localisation analysis between FAs and markers of dynamin-dependent, caveolar 
and clathrin-mediated endocytosis was then performed during MDCK wound 
healing.  In this chapter, contrasting with results observed previously (Chao & 
Kunz,  2009; Ezratty et al., 2009; Ezratty, Partridge, & Gundersen. 2005; Upla 
et al., 2004) no co-localisation between FA markers and these dynamin-
dependent endocytosis pathways was observed in single still TIRF images 
taken during epithelial wound healing.  Additionally, time-lapse studies 
examining co-localisation between markers of endocytosis and FAs during FA 
assembly, maturation and disassembly, demonstrated markers of CME or 
caveolar endocytosis did not co-incident with β3-GFP (data not shown Fletcher 
et al., 2012).  Further experiments examining effects of endocytosis pathway 
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inhibition on FA morphology during epithelial wound healing also showed no 
effect on either FA size or distribution in comparison to control cells (data not 
shown Fletcher et al., 2012).  Importantly, the assays were verified as capable 
of identifying co-localisation with FAs and alterations in FA distribution or 
structure (data not shown Fletcher et al., 2012).  Therefore, data obtained in 
sections 5.3-5.4 and published in Fletcher et al., 2012, indicate a minimal role 
for the dynamin-dependent, clathrin-mediated and caveolar endocytosis 
pathways in modulation of FA turnover during MDCK cell migration.   
Although there is apparently little role for dynamin-dependent endocytosis in 
regulation of FA turnover during epithelial cell migration, more evidence is 
emerging of non-dynamin, clathrin-independent mechanisms of FA component 
endocytosis.  Recent work by Gu et al, 2011 suggested that in fibroblasts 
stimulated with PDGF, β3-integrins are internalised by large dorsal circular 
ruffles (Gu et al., 2011).  This has been demonstrated further where 
internalisation of β1-integrin has been shown to occur via membrane ruffles 
dependent upon R-Ras activity (Conklin et al., 2010).  Therefore, data from this 
chapter suggests in epithelial cells undergoing 2D planar directed migration, FA 
turnover is independent of caveolar, clathrin-mediated and dynamin-dependent 
endocytosis, however other internalisation pathways may play a role in 
regulation of FA dynamics. 
In migrating epithelial cells, a key physiological difference in comparison to 
other cell lines is the presence of significant cell-cell adhesions maintained 
throughout the “sheet-like” migration process.  These structures require 
constant remodelling to ensure collective migration as a single epithelial 
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monolayer.  In this study, regulation of the tight-junction protein occludin by 
endocytosis was examined during epithelial wound healing.  Work by other 
groups has identified that occludin undergoes endocytosis when subject to a 
variety of stimuli.  Factors such as calcium depletion and growth factor/cytokine 
treatment promotes internalisation of occludin into EE (Harhaj & Antonetti, 
2002; Ivanov, Nusrat & Parkos, 2004; Stamatovic et al., 2009; Su et al., 2010).  
Furthermore, the endocytosis pathway through which occludin has been 
suggested to occur is dependent upon stimulus (Ivanov, Nusrat & Parkos, 2004; 
Marchiando et al., 2010; Stamatovic et al., 2009; Xia et al., 2009). 
This chapter proposes epithelial wound healing as a novel mechanism which 
stimulates endocytosis of occludin from the leading edge to Rab5 positive 
compartments shortly after wound formation.  Selective inhibition of dynamin 
demonstrated dynamin-dependent endocytosis of occludin is required for 
redistribution of occludin from the leading edge.  This is particularly interesting 
as work by Liu et al, (2010) suggests that occludin forms a complex with 
dynamin2 (Liu et al., 2010).  Whether this complex is formed and required for 
occludin endocytosis or whether dynamin2 has an alternative function at TJs is 
unknown.  Further dissection of the dynamin-dependent endocytosis pathways 
required for occludin redistribution from the leading edge indicated occludin is 
internalised by CME.  Although inhibition of CME prevented redistribution of 
occludin from the wound edge, other TJ proteins did not remain, the scaffolding 
protein ZO1 was absent from the leading edge upon CME inhibition (as seen in 
control treated cells), suggesting the entire TJ complex was not retained at the 
leading edge upon CME inhibition.  As occludin redistribution from the leading 
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edge occurred during epithelial wound healing, the hypothesis that removal of 
occludin from the wound edge was required to promote epithelial cell migration 
was established.  The findings described in this chapter suggest expression of 
GFP-occludin in MDCK cells leads to a similar occludin localisation to that 
observed when dynamin-dependent endocytosis was inhibited.  Furthermore 
that overexpression of occludin at the wound edge significantly reduced the rate 
of epithelial cell migration in comparison to control GFP expressing cells, 
therefore removal of occludin from the wound edge may be a pre-requisite for 
effective MDCK cell migration.  This finding is further supported in recent work 
by Du et al., (2010).  Their findings suggest that 6 hours post-wounding occludin 
is re-localised to the leading edge and is required for recruitment of aPKC-Par3 
and PatJ polarity complexes to the leading edge stimulating membrane 
localised PI3 kinase activity and promoting membrane protrusions (Du et al., 
2010).  Therefore the initial internalisation of occludin from the leading edge 
observed in this study may be required prior to the redistribution of occludin to 
the lamellipodial edge.  Thus re-localisation of occludin to the leading edge 
could occur via polarised endosomal recycling and may be required for 
stabilisation of polarity complexes at the leading edge facilitating membrane 
expansion and cell migration.  Moreover, it appears that the ability of dynamin to 
form a complex with occludin is required for effective endocytosis from the 
plasma membrane.  Cells expressing an occludin mutant lacking the second 
extracellular loop were unable to form a complex with dynamin (Liu et al., 2010) 
and show a significant increase in wound edge localisation in comparison to 
cells expressing wild type occludin (section 5.10).  Interestingly, overexpression 
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of the dynamin binding deficient mutant had no effect on migration in 
comparison to over expression of wild type occludin, although both exhibited a 
reduction in migration in comparison to GFP expressing cells.  This suggests 
the endocytosis mechanism may already be saturated upon wild type occludin 
expression, therefore further endocytosis defects do not affect the rate of 
migration during epithelial wound healing. 
 
5.12 Key chapter findings 
 FA turnover is not regulated by dynamin-dependent, clathrin-mediated or 
caveolar endocytosis during epithelial wound healing. 
 Wound healing stimulates endocytosis of occludin from the wound edge 
to EEs shortly after wounding, in a manner dependent on clathrin-
mediated endocytosis. 
 Overexpression of occludin reduces MDCK cell migration.  
 Deletion of the second extracellular loop of occludin leads to increased 
localisation at the wound edge of migrating MDCK cells.     
 
5.13 Conclusion 
These results include independent and novel findings.  While CME is required 
for effective epithelial cell migration, it does not act via regulation of FAs but 
through internalisation of occludin from the wound edge.  This chapter provides 
further evidence for differences in the mechanisms linking vesicle trafficking and 
cell migration between epithelial and non-epithelial cells.  Additionally, this study 
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demonstrates another physiologically relevant stimulus for occludin endocytosis 
and identifies the specific pathway responsible. 
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CHAPTER 6 
 
STEADY-STATE OCCLUDIN TRAFFICKING 
 
6.1 Introduction 
The previous chapter demonstrated the stimulated trafficking of the TJ protein 
occludin from the plasma membrane at the wound edge during MDCK wound 
healing (Fletcher et al., 2012).  It also showed that after internalisation, occludin 
was transported to Rab5 positive EEs.  Endocytosis and trafficking of occludin 
has also been observed by other groups upon stimulated TJ disassembly 
(Ivanov, Nusrat, & Parkos, 2004; Marchiando et al., 2010; Stamatovic et al., 
2009; Xia et al., 2009).  However, little work has been performed examining 
occludin trafficking under steady-state conditions.  Work previously has 
implicated occludin in both formation and maintenance of TJs (Balda et al., 
1996; Furuse et al., 1996; Saitou et al., 2000), yet little is known about how 
occludin is regulated at the plasma membrane. 
Several lines of evidence suggest occludin turnover at the plasma membrane 
may be regulated by vesicle trafficking.  As mentioned previously, many groups 
have observed endocytosis of occludin under stimulated TJ disassembly 
(Ivanov, Nusrat, & Parkos. 2004; Marchiando et al., 2010; Stamatovic et al., 
2009; Xia et al., 2009).  However a function for vesicle trafficking in regulation of 
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occludin trafficking has been observed in non-stimulated conditions in data from 
the laboratory of Takuya Sasaki who demonstrated in both fibroblastic BHK 
cells (transiently expressing occludin) and MTD-1A epithelial cells 
(endogenously expressing occludin); that occludin undergoes continuous 
endocytosis via CME and recycling back to the plasma membrane in a manner 
dependent on Rab13 (Morimoto et al., 2005). 
Additionally, occludin trafficking may be further regulated by post-translational 
modification.  A recent review by Dörfel and Huber (2012), has highlighted the 
importance of post-translational modification of occludin in its plasma 
membrane localisation (Dörfel & Huber, 2012).  Occludin phosphorylation 
(directly or downstream) by Src, FAK, Rho kinase, MAP kinases, PKC, casein 
kinases and phosphatidylinositol-3-kinase have all been demonstrated to 
regulate occludin distribution at TJs (reviewed fully in Dorfel & Huber, 2012).  
Furthermore, occludin has been shown to undergo ubiquitination dependent 
upon phosphorylation at Serine 490, which is required for its endocytosis and 
trafficking upon VEGF induced TJ disassembly (Murakami et al., 2009) 
suggesting post-translational modification may be a key factor in regulation of 
occludin trafficking.   
One of the main aims of this chapter was to identify proteins which may function 
in regulation of occludin trafficking and maintenance of plasma membrane 
occludin homeostasis in a confluent monolayer of non-stimulated MDCK cells.  
For this, a quantitative proteomics approach called stable-isotope labelling by 
amino acids in cell culture (SILAC) combined with mass spectrometry was 
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utilised.  SILAC enables incorporation of amino acids with substituted stable 
isotopic nuclei into cellular proteins.  This is achieved by incubation with media 
containing either “light” (isotypically normal L-arginine and L-lysine), “medium” 
(13C6L-arginine and L-lysine-D4)
 or “heavy” (13C6
15N4L-arginine and 
13C6L
15N2-
lysine) amino acids through several rounds of cell division.  As there is minimal 
chemical difference between the labelled and natural amino acid isotopes, 
several experimental parameters can be examined with no difference to control 
isotypically normal cells.  This technique enables quantitative measurement of 
alterations in protein abundance (treatment in comparison to control).  SILAC 
also removes experimental bias between samples as after lysis samples are 
combined (thus subject to the same processing).  Pairs or triplets of identical 
peptides can be differentiated by mass spectrometry due to their mass 
difference as a result of incorporation of different isotopes.  Recently, IP 
techniques have been applied alongside SILAC to identify interaction partners 
and proteins which form the components of multi-protein complexes which co-
immunopurify with the protein of interest (Trinkle-Mulcahy et al., 2006).  Thus, in 
this chapter a combination of IP, SILAC and high-resolution mass spectrometry 
were utilised to identify potential occludin binding partners/multi-protein 
complexes which may regulate occludin trafficking in non-stimulated MDCK 
cells. 
Alongside attempting to identify specific occludin binding proteins which may 
regulate occludin trafficking, a second aim for this chapter was to identify the 
pathways through which occludin may traverse.  Although occludin has been 
shown to undergo continuous recycling (Morimoto et al., 2005) the exact 
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endosomal compartments through which occludin is transported is unknown.  In 
this study, confocal imaging and co-localisation analysis between fluorescently 
labelled endosomal compartment markers and endogenous occludin were 
utilised to determine its trafficking route.  Furthermore, the function of these 
pathways in regulation of occludin plasma membrane localisation and 
endosomal trafficking was verified biochemically using several Sulfo-NHS-SS-
Biotin based recycling assay systems. 
The findings of this chapter demonstrate under steady state conditions in MDCK 
cells that the majority of plasma membrane-associated occludin is internalised 
within 30 minutes, similar to results obtained in studies by Morimoto et al., 2005.  
However, by 2 hours the amount of intracellular occludin which has been 
internalised from the plasma membrane has significantly reduced.  Lysosomal 
degradation of occludin was verified by repetition of biotinylation experiments in 
the presence of the lysosomal acidification inhibitor BafA, leading to increased 
abundance of internalised occludin.  Furthermore, treatment with BafA led to a 
significant increase in co-localisation between endogenous occludin and CD63-
GFP (late endosome/lysosomal marker).   
SILAC proteomic analysis combined with IP and mass spectrometry to identify 
occludin binding partners in the presence of DMSO (control) or BafA, yielded 
several unexpected results.  Firstly, none of the expected binding partners of 
occludin such as members of the ZO family (Furuse et al., 1994;  Itoh, Morita, & 
Tsukita, 1999) were found to bind occludin under either experimental condition.  
Furthermore, no proteins which are involved in protein trafficking were identified 
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as definite “hits” during the mass spectrometry screen.  However, grouping of 
these data into protein function groups identified a large proportion of the 
proteins which did bind occludin were proteins involved in biosynthesis, 
suggesting occludin may undergo constant synthesis rather than recycling.  
This was further confirmed by performing cell-surface biotinylation assays in the 
presence of CHX (inhibitor of protein synthesis).  A significant reduction in the 
level of plasma membrane localised occludin was observed four hours post-
CHX treatment in comparison to DMSO treated control cells.  Also, a high level 
of co-localisation was observed between markers of the secretory pathway 
(NPY) and endogenous occludin.  Therefore, the data from this chapter 
indicates occludin is undergoing a constant cycle of endocytosis, degradation 
and biosynthesis to maintain plasma membrane occludin homeostasis in a 
confluent monolayer of MDCK cells. 
 
6.2 Results 
 
6.3 The majority of plasma membrane occludin internalised is targeted for 
degradation or recycling 
There is little data examining occludin trafficking under steady state non-
stimulated conditions.  Therefore this study utilised a Sulfo-NHS-SS-Biotin 
based recycling assay (Roberts et al., 2001) to measure occludin internalisation 
and trafficking dynamics in a non-migrating confluent MDCK cell monolayer.  
This assay utilised a cell-impermeant, cleavable biotinylation reagent (Sulfo-
NHS-SS-Biotin) to biotin label all cell-surface proteins at 4ºC (to inhibit 
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endocytosis and vesicle trafficking).  The cells were warmed back to 37ºC to 
permit trafficking for a designated time, the temperature reduced to 4ºC and all 
remaining cell-surface Sulfo-NHS-SS-Biotin-labelled proteins were cleaved 
using a cell-impermeant reducing agent.  This method enabled quantitative 
measurement of Sulfo-NHS-SS-Biotin-labelled proteins internalised from the 
plasma membrane (only biotinylated proteins within the cell body were 
protected from reduction).  All biotinylated proteins were then pulled down using 
NeutrAvidin beads.  Results from this assay, as demonstrated in Figure 6.1a 
show a steady increase in the abundance of internalised occludin between 0 
minutes and peaking at 30 minutes.  A reduction in the level of internalised 
intracellular occludin is observed after 30 minutes and by 2 hours this occludin 
pool was reduced significantly.  These data were normalised against the total 
plasma membrane level of biotinylated occludin (lane 1 Figure 6.1a), and 
plotted in Figure 6.1b.  Figure 6.1b shows the majority of plasma membrane 
localised occludin is internalised by 30 minutes and is likely to be undergoing 
either degradation or recycling back to the plasma membrane by 120 minutes. 
 
6.4 Under non-stimulated conditions a large proportion of internalised 
occludin undergoes lysosomal degradation  
Figure 6.1, demonstrates that post-internalisation the level of internalised 
intracellular occludin decreases dramatically, suggesting this pool of occludin is 
undergoing recycling or degradation.  This study examined the potential for
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Figure 6.1. Steady state internalisation and endosomal trafficking of 
occludin. A confluent monolayer of MDCK cells were serum starved for 1 
hour.  Cell-surface proteins were biotinylated at 4ºC and warmed to 37ºC 
for designated time points.  Cell-surface biotinylated proteins were 
reduced, enabling only proteins within the cell body to remain biotinylated.  
Cells were lysed and biotinylated proteins pulled down with NeutrAvidin 
beads.  Protein abundance was quantified by Western blot analysis.  The 
membranes were probed with primary rabbit anti-occludin antibody 
(diluted 1:500) and secondary anti-rabbit-HRP antibody (diluted 1:10000).   
(A) A biochemical trafficking assay demonstrates that occludin undergoes 
continuous rapid endocytosis, and that the internalised pool of occludin is 
subsequently lost.  (B) Quantification of 3 repeats of the experiments 
shown in (A).  
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occludin degradation after internalisation as a mechanism through which 
occludin plasma membrane homeostasis is regulated.  To test this hypothesis, 
the macrolide antibiotic BafA was utilised to inhibit lysosomal degradation.  BafA 
acts on V-ATPases to inhibit lysosomal acidification (Yoshimori et al., 1991).  To 
confirm lysosomal acidification was inhibited by BafA, MDCK cells were 
incubated with LysoTracker in the presence of either DMSO or BafA.  
LysoTracker probes are widely published, weakly basic amine probes, coupled 
to various fluorescent dyes which selectively accumulate in acidic 
compartments (Boya et al., 2003).  As can be observed in confocal images in 
Figure 6.2a, in the presence of DMSO (control) there is a punctate intracellular 
distribution of LysoTracker-Red DND-99 positive lysosomes.  In cells treated 
with BafA, no punctate lysosomal structures were seen.  To quantify retention of 
LysoTracker within Lysosomes, the intracellular LysoTracker intensity was 
quantified by drawing an ROI around the cell cytosol and measuring the 
average intensity within this region.  The LysoTracker intensity in BafA treated 
cells demonstrated a highly significant (98.8%) reduction in average 
LysoTracker Red DND-99 intensity in comparison to control cells (Figure 6.2b).  
These data demonstrate BafA is inhibiting lysosomal acidification, as 
LysoTracker has not accumulated in lysosomal structures. 
Once BafA treatment had been verified as an inhibitor of lysosomal acidification, 
the biotinylation recycling protocol performed in section 6.3 was repeated in the 
presence of BafA to assess degradation of internalised occludin in an MDCK 
cell monolayer.  As shown in Figure 6.3a and b, BafA treatment had little effect 
on occludin internalisation dynamics, the level of occludin
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Figure 6.2. BafA inhibits lysosomal acidification.  A confluent monolayer 
of MDCK cells were incubated with 75nM LysoTracker Red DND-99 plus 
either 1.53µl/ml DMSO or 250nm BafA for 2 hours.  Live cells were imaged 
using confocal microscopy.  (A) Confocal image demonstrating 
accumulation of LysoTracker in acidic compartments in the presence of 
DMSO.  No accumulation of LysoTracker was observed in cells incubated 
with BafA.  (B) Quantification of 3 repeats of the experiments shown in (A) a 
minimum of 18 cells from each condition were measured. ***  p≤0.001,  
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internalised from the membrane still peaked at 30 minutes however occludin 
began to build up at 15 minutes.  In both the BafA and DMSO treated samples a 
decrease in the level of occludin internalised from the plasma membrane is 
observed after 30 minutes.  However, at 2 hours there is an accumulation of 
internalised occludin in cells treated with BafA not observed in control cells 
(Figure 6.1).  This is confirmed in Figure 6.3c, a 63% reduction in degradation of 
occludin internalised from the plasma membrane was observed in cells treated 
with BafA.  These data demonstrate a large proportion of occludin undergoes 
endocytosis followed by lysosomal degradation.  However it must be noted, a 
reduction between peak (time 30) and internalised intracellular occludin levels 
at 60 and 120 minutes is still observed in the presence of BafA potentially 
indicating occludin recycling back to the plasma membrane. 
 
6.5 BafA treatment increases co-localisation between endogenous 
occludin and late endosome/lysosomal compartments 
As demonstrated in the previous section, BafA treatment inhibits degradation of 
internalised occludin in a non-stimulated epithelial monolayer, leading to 
increased intracellular occludin levels.  This section aimed to identify the 
localisation of intracellular endogenous occludin in a non-stimulated MDCK cell 
monolayer.  MDCK cells transiently expressing fluorescently labelled 
endosomal markers were assessed for co-localisation with endogenous 
occludin during either DMSO or BafA treatment.  Preliminary results examining 
co-localisation between occludin and Rab5-GFP (EE marker), Rab11-GFP and 
Rab25-GFP (recycling endosome markers) demonstrated minimal co-
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Figure 6.3. Steady-state degradative trafficking of occludin.  A 
confluent monolayer of MDCK cells were serum starved for 1 hour in the 
presence of either 1.53 µl/ml DMSO or 250nm BafA.  Cell-surface proteins 
were biotinylated at 4ºC and warmed to 37ºC for designated time points in 
the presence of DMSO or BafA.  Cell-surface biotinylated proteins were 
reduced, enabling only proteins within the cell body to remain biotinylated.  
Cells were lysed and biotinylated proteins pulled down with NeutrAvidin 
beads.  Protein abundance was quantified by Western blot analysis.  The 
membranes were probed with primary rabbit anti-occludin antibody (diluted 
1:500) and secondary anti-rabbit-HRP antibody (diluted 1:10000). (A) 
Treatment with BafA (inhibitor of lysosomal degradation), attenuates the 
decrease in occludin signal following endocytosis. (B) Quantification of 3 
repeats of the experiments shown in (A).  (C) Quantification of the 
decrease in occludin signal between 30 and 120 minutes comparing control 
to BafA treatment. *  p≤0.05,  
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localisation between recycling endosomal compartments and occludin in DMSO 
treated cells (data not shown).  No alteration of this phenotype was observed 
upon treatment with BafA (data not shown).  Together, these data suggest 
occludin undergoes minimal recycling in epithelial monolayers.  Therefore, co-
localisation between lysosomes and endogenous occludin was observed. 
To fluorescently label the late endosomal/lysosomal compartments, CD63-GFP 
was expressed in MDCK cells (Metzelaar et al., 1991).  CD63-GFP was verified 
as a marker of the late endosomal/lysosomal pathway by incubation of CD63-
GFP expressing MDCK cells with LysoTracker and examining co-localisation by 
confocal microscopy.  As shown in Figure 6.4, CD63-GFP and LysoTracker 
positive structures are co-incident, making CD63-GFP a suitable late 
endosome/lysosomal marker.  Therefore, co-localisation analysis was 
performed examining endogenous occludin localisation in CD63-GFP 
expressing cells. 
As demonstrated in Figure 6.5a under control conditions (DMSO) CD63-GFP 
positive puncta were observed throughout the cytosol with a slight clustering in 
a juxtanuclear position.  However upon treatment with BafA an increase in 
CD63-GFP vesicle clustering was seen adjacent to the nucleus.  Under control 
conditions intracellular occludin puncta co-localise with CD63-GFP positive 
structures.  This level of co-localisation significantly increased in the presence 
of BafA (Figure 6.5a).  A Pearson’s Correlation Coefficient was performed on 
selected regions of interest and co-localisation between CD63-GFP and 
occludin was quantified and compared in DMSO and BafA treated cells.  A 
significant 72% increase in co-localisation between occludin and CD63-GFP 
- 186 - 
 
 
F
ig
u
re
 
6
.4
. 
L
y
s
o
T
ra
c
k
e
r 
R
e
d
 
D
N
D
-9
9
 
c
o
-l
o
c
a
li
s
e
s
 w
it
h
 
C
D
6
3
-G
F
P
. 
 
A
 c
o
n
fl
u
e
n
t 
m
o
n
o
la
y
e
r 
o
f 
M
D
C
K
 c
e
lls
 t
ra
n
s
ie
n
tl
y
 e
x
p
re
s
s
in
g
 C
D
6
3
-G
F
P
 w
e
re
 i
n
c
u
b
a
te
d
 w
it
h
 7
5
n
M
 L
y
s
o
T
ra
c
k
e
r 
R
e
d
 D
N
D
-9
9
 
fo
r 
2
 h
o
u
rs
. 
 L
iv
e
 c
e
lls
 w
e
re
 i
m
a
g
e
d
 u
s
in
g
 c
o
n
fo
c
a
l 
m
ic
ro
s
c
o
p
y.
  
A
 h
ig
h
 l
e
v
e
l 
o
f 
c
o
-l
o
c
a
lis
a
ti
o
n
 w
a
s
 
o
b
s
e
rv
e
d
 b
e
tw
e
e
n
 C
D
6
3
-G
F
P
 a
n
d
 L
y
s
o
T
ra
c
k
e
r 
p
o
s
it
iv
e
 s
tr
u
c
tu
re
s
 (
n
=
1
).
 
- 187 - 
 
 F
ig
u
re
 6
.5
. 
In
tr
a
c
e
ll
u
la
r 
o
c
c
lu
d
in
 p
o
s
it
iv
e
 p
u
n
c
ta
 c
o
-l
o
c
a
li
s
e
 w
it
h
 l
a
te
 e
n
d
o
s
o
m
e
/l
y
s
o
s
o
m
a
l 
s
tr
u
c
tu
re
s
. 
 I
n
c
u
b
a
ti
o
n
 
w
it
h
 B
a
fA
 i
n
c
re
a
s
e
s
 c
o
-l
o
c
a
lis
a
ti
o
n
 b
e
tw
e
e
n
 o
c
c
lu
d
in
 a
n
d
 C
D
6
3
-G
F
P
. 
 A
 c
o
n
fl
u
e
n
t 
m
o
n
o
la
y
e
r 
o
f 
M
D
C
K
 c
e
lls
 t
ra
n
s
ie
n
tl
y
 
e
x
p
re
s
s
in
g
 C
D
6
3
-G
F
P
 w
e
re
 i
n
c
u
b
a
te
d
 w
it
h
 1
.5
3
 µ
l/
m
l 
D
M
S
O
 o
r 
2
5
0
n
m
 B
a
fA
 f
o
r 
2
 h
o
u
rs
, 
b
e
fo
re
 f
ix
a
ti
o
n
 a
n
d
 i
m
m
u
n
o
-
lo
c
a
lis
a
ti
o
n
 w
it
h
 p
ri
m
a
ry
 m
o
u
s
e
 a
n
ti
-o
c
c
lu
d
in
 a
n
ti
b
o
d
y
 (
d
ilu
te
d
 1
:1
0
0
) 
a
n
d
 s
e
c
o
n
d
a
ry
 a
n
ti
-m
o
u
s
e
-A
le
x
a
F
lu
o
r5
6
8
 a
n
ti
b
o
d
y 
(1
:1
0
0
).
  
C
e
lls
 w
e
re
 i
m
a
g
e
d
 b
y
 c
o
n
fo
c
a
l 
m
ic
ro
s
c
o
p
y.
  
(A
) 
C
o
n
fo
c
a
l 
im
a
g
e
 s
h
o
w
in
g
 c
o
-l
o
c
a
lis
a
ti
o
n
 b
e
tw
e
e
n
 o
c
c
lu
d
in
 a
n
d
 
C
D
6
3
-G
F
P
 i
n
 t
h
e
 p
re
s
e
n
c
e
 o
f 
D
M
S
O
 o
r 
B
a
fA
. 
 (
B
) 
Q
u
a
n
ti
fi
c
a
ti
o
n
 o
f 
3
 r
e
p
e
a
ts
 o
f 
th
e
 e
x
p
e
ri
m
e
n
ts
 s
h
o
w
n
 i
n
 (
A
) 
w
it
h
 a
 
m
in
im
u
m
 o
f 
1
2
 c
e
lls
 a
n
a
ly
s
e
d
 o
f 
e
a
c
h
 c
o
n
d
it
io
n
. 
**
* 
 p
≤
0
.0
0
1
. 
- 188 - 
 
was observed in cells incubated with BafA (Figure 6.5b).  Therefore, data from 
this section further corroborates the findings described in section 6.4, with 
endogenous occludin demonstrating minimal co-localisation between recycling 
endosomal compartments and a high level of co-localisation between late 
endosome/lysosomal compartments, suggesting occludin is predominantly 
degraded rather than recycled in epithelial monolayers. 
 
6.6 Quantitative proteomic analysis of occludin binding proteins suggest 
a high level of occludin biosynthesis 
 
As has been demonstrated in section 6.3 and throughout chapter 5, occludin is  
a protein which undergoes endocytosis in MDCK cells.  Chapter 5 also showed 
occludin internalisation from the wound edge to Rab5 positive EEs was 
mediated by dynamin-dependent clathrin-mediated endocytosis (Fletcher et al., 
2012).  Furthermore, work from several other groups has suggested occludin 
undergoes endocytosis and trafficking via several trafficking pathways including 
caveolar endocytosis and clathrin-mediated endocytosis (Ivanov, Nusrat, & 
Parkos 2004; Marchiando et al., 2010; Morimoto et al., 2005; Murakami, 
Felinski, & Antonetti, 2009; Stamatovic et al., 2009; Xia et al., 2009).  In many of 
the aforementioned studies, cells were stimulated with growth factors, 
cytokines, calcium depletion or as described in chapter 5, wound formation to 
examine occludin internalisation.  Few studies have examined occludin 
trafficking under non-stimulated conditions, until this current study.  Therefore, 
to further examine the endocytosis mechanisms and trafficking pathways 
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involved in regulation of steady state occludin trafficking, SILAC in combination 
with IP and mass spectrometry was performed.  In this study a triple SILAC 
protocol was used to identify proteins which may either bind directly or form 
multi-protein complexes with occludin to regulate its trafficking.  A triple SILAC 
experiment enabled examination of occludin binding proteins in three 
conditions.  The first “light” SILAC condition consisted of cells treated with 
DMSO, and the IP was performed with rabbit IgG conjugated G-Sepharose 
beads.  This condition was the control to remove proteins binding non-
specifically from the screen.  In the “medium” SILAC condition cells were 
treated with BafA to maximise intracellular occludin levels (potentially increasing 
occludin binding trafficking proteins); the IP was performed with rabbit anti-
occludin conjugated beads.  The final “heavy” condition acted as a control for 
the “medium” treated cells.  “Heavy” cells were treated with DMSO and IP 
performed with rabbit anti-occludin beads.  
Once the IP method had been validated, analysis by mass spectrometry and 
processing of files in MaxQuant, generated a total of 386 proteins identified in 
the screen.  MaxQuant analysis provides a quantitative value of changes in 
protein abundance between two samples in the form of a ratio value.  This ratio 
value enables establishment of a median range of values, which are considered 
“non-hits” as the majority of proteins which fall in this category have no or an 
insignificant change in abundance upon condition variation.  “Hits” are classified 
as proteins whose ratios do not lie within this median range, instead they have a 
particularly high/low ratio indicating a change in protein abundance.  Obviously 
the median value range exhibits a high level of experimental variation, so the
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Figure 6.6. Distribution of ratios obtained after SILAC labelling and mass 
spectrometry analysis.  “Light” and “heavy” cells were incubated with 
corresponding SILAC media containing 1.53µl/ml DMSO, whilst “medium” cells 
were incubated with medium SILAC media containing 250nM BafA, all cells 
were treated for 2 hours.  The cells were then serum starved, “light” and 
“heavy” cells were incubated with serum free SILAC media containing DMSO 
or “medium” serum free SILAC media containing 250nM BafA for 2 hours, then 
lysed.  Immunoprecipitations were performed: “light” samples were incubated 
with Rabbit IgG conjugated beads whilst “medium” and “heavy” samples were 
incubated with Rabbit anti-occludin conjugated beads (all samples incubated 
1:10 antibody to G-Sepharose beads).  Samples were run on SDS-PAGE, the 
lane containing the samples was excised, and subject to mass spectrometry 
analysis.  (A)  A data plot comparing “heavy” to “light” ratio “hits” (proteins 
showing increased pull down in “heavy” conditions than “light” treated cells) 
were classed as those with a ratio above 1.6.  (B) A data plot comparing 
“medium” to “light” ratio “hits” (proteins showing increased pull down in 
“medium” conditions then in “light” treated cells) were classed as those with a 
ratio above 1.8.  (C) A data plot comparing “heavy” to “medium” ratio “hit” 
proteins showing increased pull down in “heavy” conditions then in “medium” 
treated cells were classed as those with a ratio above 1.4.  “hit” proteins 
showing increased pull down in “medium” conditions then in “heavy” treated 
cells were classed as those with a ratio below 0.5.  █  “hits” in “heavy” treated 
cells. █ “hits” in “medium” treated cells.  
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parameters must be changed after examination of ratio distribution.  Before 
distribution plots of protein ratio were performed, proteins with a unique peptide 
score of less than 2 or whose ratios were expressed as non-applicable numbers 
were removed from the sample as they were unlikely to be valid “hits”, leaving a 
total of 231 proteins.  Figure 6.6a shows the distribution of ratios in “heavy” to 
“light” conditions, the majority of ratio values fall into the median range of 0.4-
1.8.  Proteins within this range are ones which IP similarly with both IgG and 
rabbit anti-occludin coupled beads, thus are likely to be binding non-specifically 
and can be discounted.  Proteins with a value of <0.4 are demonstrating 
increased pull down with the IgG coupled beads so are also likely to be binding 
non-specifically.  Therefore, only proteins with a value above 1.8 are classed as 
occludin interacting “hit” proteins. 
This data plot was repeated comparing “medium” (cells treated with BafA and IP 
performed with rabbit anti-occludin conjugated beads) to “light” (cells treated 
with DMSO and IP performed with rabbit IgG conjugated beads) treated 
samples.  Figure 6.6b demonstrates the majority of ratio values fall between 0.6 
and 1.8.  Ratio values for proteins which fall within the median range or below 
0.6, are likely to be binding non-specifically to the IgG beads, however proteins 
with values above 1.8 showed increased IP under “medium” conditions. 
Finally, Figure 6.6c compares the ratio of “heavy” to “medium” treated cells to 
identify proteins which IP with rabbit anti-occludin beads but display altered 
abundance in either DMSO or BafA conditions.  Figure 6.6c shows the majority 
of proteins are within the 0.5-1.4 median range, proteins within this range show 
no alteration in abundance during either DMSO or BafA treatment.  A value of
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Figure 6.7.  Pie chart showing the functional groups of proteins with 
increased SILAC ratios in “heavy” (DMSO treated cells incubated 
with anti-occludin beads) compared to “light” (DMSO treated cells 
incubated with IgG beads) treated cells.  The proteins with increased 
SILAC ratio in “heavy” to “light” treated cells were assessed for their 
functionality and assembled into groups, the percentage of proteins per 
group was calculated from the total number of “hits”. 
- 196 - 
 
less than 0.5 identifies proteins which IP with increased frequency after BafA 
treatment whilst proteins with a ratio value above 1.4 exhibit increased IP after 
control DMSO incubation. 
Once median ratio ranges had been established probable “hits” were identified 
as stated above and the function of the protein examined.  As shown in Table 
6.1 comparing “heavy” to “light” SILAC conditions (comparing ratios of cells 
treated with DMSO and subject to rabbit anti-occludin IP to those treated with 
DMSO and rabbit IgG IP), there were 45 potential “hit” proteins with SILAC 
ratios above 1.8.  Of these potential hit proteins a large proportion of these 
proteins were nuclear/involved in DNA transcription, whilst 18% of proteins were 
involved in biosynthesis and folding (Figure 6.7).  In this category only one 
protein was identified which has a role in protein trafficking, the endoplasmin 
precursor protein, a heat shock protein localised to the endoplasmic reticulum 
(Koch, Macer, & Wooding, 1988).  Interestingly, cell-cell junction proteins such 
as desmoplakin II and junction plakoglobin 4 (Pigors et al., 2011; Virata et al., 
1992) and the protein human basement membrane heparin sulfate proteoglycan 
core protein (HSPG), required for regulation of integrity of basement 
membranes, angiogenesis, metastasis and tissue repair (Sher et al., 2006) 
were identified in the screen.  Of the remaining proteins, 15% were cytoskeletal 
and 2% had an unidentified function. 
This analysis was repeated to compare “medium” to “light” treated cells 
(comparing ratios of cells treated with BafA and subject to rabbit anti-occludin IP 
to those treated with DMSO and rabbit IgG IP).  As exhibited in Table 6.2, there 
were 31 potential “hit” proteins with SILAC ratios above 1.8.  Figure 6.8 shows 
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Figure 6.8.  Pie chart showing the functional groups of proteins with 
increased SILAC ratios in “medium” (BafA treated cells incubated 
with anti-occludin beads) compared to “light” (DMSO treated cells 
incubated with IgG beads) treated cells.  The proteins with increased 
SILAC ratio in “medium” to “light” treated cells were assessed for their 
functionality and assembled into groups, the percentage of proteins per 
group was calculated from the total number of “hits”. 
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the functional groups of proteins identified as “hits” within the screen.  52% were 
proteins involved in protein biosynthesis, 16% were cytoskeletal proteins and 
16% were nuclear proteins involved in DNA replication.  Of the remaining 
proteins their function was unknown or related to glycolysis.  Occludin was the 
only cell-cell adhesion molecule identified in the screen. 
Finally, a direct comparison of occludin binding proteins in the presence of 
DMSO or BafA was made by comparing “heavy” and “medium” condition cells.  
Table 6.3 shows 51 potential “hits” were identified, which demonstrate 
increased IP in the presence of DMSO than in BafA.  Conversely only 2 “hits” 
were identified which showed increased abundance in IP samples incubated 
with BafA, one protein had an unknown function whilst the other was a kinase 
protein involved in signalling (Figure 6.9).  When the functional groups for 
proteins identified in table 6.3 were examined (Figure 6.10), these results echo 
those stated previously with a large proportion of hits (30%) involved in 
biosynthesis and 44% of proteins were localised to the nucleus and involved in 
either DNA replication or chromatin structure; 12% of proteins were cytoskeletal 
proteins.  Other proteins identified include: the desmosomal proteins 
desmoplakin II and desmoglein (Virata, et al., 1992), the cell adhesion 
molecules alpha 1 type XII collagen long isoform precursor isoform 1 and 
fibronectin 1 (Kato et al., 2000; Steffens et al., 2012), and basement membrane 
regulating HSPG protein (Sher et al., 2006).  Interestingly, the proteins 
desmoplakin II, alpha 1 type XII collagen and HSPG protein were shown as 
“hits” when comparing “heavy” and “light” samples.  Although potential 
interactions between occludin and other junctional and migratory proteins were  
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Figure 6.9. Proteins with decreased SILAC ratios in BafA treated 
cells incubated with anti-occludin conjugated beads in comparison 
to cells incubated in DMSO with anti-occludin coupled beads.   
(A) Table showing “hit” proteins with a decreased “heavy” to “medium” 
ratio.  (B) Pie chart showing the functional groups of proteins with 
decreased SILAC ratios in “heavy” to “medium” treated cells were 
assessed for their functionality and assembled into groups, the 
percentage of proteins per group was calculated from the total number of 
“hits”. 
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Figure 6.10.  Pie chart showing the functional groups of proteins with 
increased SILAC ratios in “heavy” (DMSO treated cells incubated with 
anti-occludin beads)  to “medium” (BafA treated cells incubated and 
anti-occludin beads) treated cells.  The proteins with increased SILAC 
ratio in “heavy” to “medium” treated cells were assessed for their 
functionality and assembled into groups, the percentage of proteins per 
group was calculated from the total number of “hits”. 
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identified within the screen, no proteins with endocytosis/endosomal trafficking 
functions were discovered.  However, a large proportion of proteins identified
were involved in biosynthesis including entire ribosomal subunits, chaperone 
molecules required for correct folding and trafficking and proteins involved in 
rRNA processing.  These data suggest occludin is a molecule which undergoes 
a high level of biosynthesis rather than recycling under steady state conditions. 
 
6.7 Inhibition of protein biosynthesis decreases the abundance of 
occludin in the plasma membrane 
In the previous section, SILAC coupled with mass spectrometry and IP was 
utilised to identify potential occludin binding partners or complexes which may 
regulate occludin trafficking in an unstimulated MDCK cell monolayer.  Although 
no proteins involved in trafficking were identified in this screen, findings did 
indicate occludin may be a protein undergoing constant biosynthesis.  Coupling 
this observation to those seen in section 6.4 where the majority of occludin 
internalised from the plasma membrane is targeted for degradation may imply 
occludin undergoes a constant cycle of internalisation, degradation and 
synthesis to maintain occludin equilibrium at the plasma membrane.  Therefore 
this study tests this hypothesis, examining the role of protein synthesis in 
regulation of plasma membrane occludin levels.  This study utilised a cell-
surface biotinylation assay, where all cell-surface proteins were biotinylated at 
4ºC in the presence of either DMSO or the protein synthesis inhibitor CHX 
(Schneider-Poetsch et al., 2010), to examine the abundance of occludin at the 
plasma membrane upon inhibition of protein synthesis.  Figure 6.11a and b 
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Figure 6.11. Inhibition of protein synthesis reduces the amount of 
plasma membrane localised occludin.  MDCK cells were serum starved 
for 2 hours before incubation with 10µM CHX or 1µl/ml DMSO for varying 
time points.  Cell-surface proteins were then biotinylated, quenched, lysed 
and pulled down with NeutrAvidin beads.  Plasma membrane abundance 
of occludin was quantified by Western blot analysis.  Membranes were 
probed with primary rabbit anti-occludin antibody (diluted 1:500) and 
secondary anti-rabbit-HRP antibody (diluted 1:10000).  (A) Incubation with 
CHX reduces both whole cell lysate and plasma membrane occludin 
levels.  (B) Quantification of 3 independent experiments measuring whole 
cell lysate levels of occludin 4 hours post-CHX treatment normalised to 
Time 0.  (C) Quantification of 3 independent experiments measuring 
plasma membrane levels of occludin 4 hours post-CHX treatment 
normalised to Time 0.  p≤0.05 and **  p≤0.01,  
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demonstrates a reduction in the whole cell lysate occludin levels by 62% in cells 
incubated with CHX, in comparison to DMSO treatment alone.  This indicates 
that for maintenance of cellular occludin levels, a high level of occludin 
synthesis is required.  Furthermore, Figure 6.11a and c demonstrate that 4 
hours post-CHX treatment a 49% reduction in cell-surface occludin was 
observed.  These data may suggest that one way through which plasma 
membrane occludin levels are regulated is via constitutive exocytosis of newly 
synthesised occludin to the plasma membrane. 
 
6.8 Endogenous occludin co-localises with markers of the biosynthetic 
secretory pathway 
As evidence to further support the hypothesis of constitutive occludin exocytosis 
in maintenance of plasma membrane occludin equilibrium. Co-localisation 
studies were performed between markers of the biosynthetic secretory pathway 
and endogenous occludin.  As a marker of the biosynthetic secretory pathway 
the cargo peptide NPY was utilised (described in chapter 3).  Cells were 
transfected with NPY-mRFP and immunocytochemistry was performed to stain 
endogenous occludin.  Co-localisation was measured by drawing ROIs around 
individual occludin positive vesicles and counting vesicles which co-localised 
with NPY-mRFP structures.  As a control, random co-localisation with NPY-
mRFP was measured by moving the ROI regions to occludin negative regions 
and again vesicles which co-localised where counted.  As shown in Figure 6.12, 
there was a significant level of co-localisation observed between NPY-mRFP 
and endogenous occludin.  Therefore these data further support a role for
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biosynthetic secretion of occludin in regulation of plasma membrane occludin 
levels. 
 
6.9 Discussion 
TJs are essential for many processes, such as regulation of paracellular 
permeability, maintenance of apical basolateral polarity and they also provide 
structural support for epithelial monolayers.  Deregulation of TJs can lead to 
several pathological conditions including Crohn’s disease and nonsyndromic 
recessive deafness (Wilcox et al., 2001; Zeissig et al., 2007), however loss of 
TJs is also observed in the pathology of conditions such as cystic fibrosis and 
polycystic kidney disease (Wilson, 1997).  In particular occludin is emerging as 
a regulator of numerous physiological and pathological processes both within 
the TJ complex and through other mechanisms (Du et al., 2010).  Thus, TJ 
regulation under steady state, non-stimulated conditions is highly physiologically 
relevant.  Therefore this chapter investigated the role of vesicle trafficking in 
regulation of occludin in a confluent monolayer of MDCK cells. 
Importantly, this study was the first to examine occludin trafficking in non-
stimulated cells, and yielded highly interesting results.  Quantitative, 
biochemical analysis of occludin trafficking utilising cell-surface biotinylation 
recycling techniques (Roberts et al., 2001) identified the majority of the plasma 
membrane pool of occludin was internalised within 30 minutes, where peak 
internalised intracellular occludin was observed.  After 30 minutes, internalised 
intracellular occludin was reduced and lost from detection by 2 hours.
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This study utilised BafA to determine that the reduction in intracellular occludin 
was due to lysosomal occludin degradation.  This hypothesis was further 
confirmed by immunocytochemistry studies where endogenous occludin was 
found to co-localise with late endosome/lysosomal marker CD63 (Metzelaar, et 
al., 1991) under control conditions.  Increased co-localisation between occludin 
and CD63-GFP was observed in the presence of BafA.  Interestingly, proteomic 
analysis and mass spectrometry failed to identify any proteins involved in 
endocytosis/trafficking which co-IP with occludin either under control conditions 
or in the presence of BafA.  However a large proportion of proteins required for 
correct biosynthesis were identified within the screen, suggesting new occludin 
protein may be constantly synthesised.  This hypothesis was tested by 
pharmacological inhibition of protein synthesis.  Under these conditions a 
significant reduction in whole cell lysate and plasma membrane occludin 
abundance was observed, suggesting trafficking of newly synthesised occludin 
to the plasma membrane was required to maintain occludin plasma membrane 
homeostasis.  The data obtained in this chapter implicate a continuous cycle of 
internalisation, degradation and synthesis acting in equilibrium is required to 
regulate plasma membrane occludin localisation (Figure 6.13). 
The results observed in this chapter vary to those made previously by Morimoto 
et al., (2005) whose data obtained from fibroblast and epithelial derived cell 
lines suggested occludin undergoes a constant cycle of rapid internalisation and 
recycling back to the plasma membrane (Morimoto et al.,  2005).  However, this 
paper fails to correctly validate their recycling hypothesis, and the results 
observed may potentially be due to effects on lysosomal degradation instead.  
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Figure 6.13. Schematic diagram showing constitutive endocytosis and 
lysosomal degradation of occludin coupled to biosynthetic secretion 
and low-level recycling. 
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For example their biotinylation recycling assay demonstrates increased 
intracellular occludin signal followed by a signal reduction (as described in 
section 6.3) was suggested to be due to recycling back to the plasma 
membrane, however this could also be due to occludin degradation.  
Interestingly, BafA was utilised to inhibit trafficking, which although has been 
suggested to affect recycling this effect has been highly cell line specific 
(Presley et al., 1997).  Although the group did observed defects in transferrin 
recycling upon BafA treatment in the fibroblast BHK cell line, they failed to 
repeat the experiment in the MTD-1A epithelial model.  This is critical as not 
only where different cell lines used but also occludin was overexpressed in the 
BHK model whilst endogenous occludin was observed in MTD-1A cells.  These 
differences between expression type and cell line prevent extrapolation of 
findings from one model to the other.  Thus it cannot be determined whether the 
increased intracellular occludin signal observed upon addition of BafA was due 
to inhibitory effects on lysosomal degradation or trafficking in the more 
physiologically relevant MTD-1A epithelial model.  Moreover, the group also 
utilised a reduction in temperature to 18ºC to inhibit recycling however this 
treatment has also been shown to inhibit lysosomal degradation (Ahlberg et al., 
1985).  Immunocytochemistry experiments also fail to validate the occurrence of 
occludin recycling as suggested by Morimoto et al., (2005).  As observed in 
section 6.5 and demonstrated by Morimoto et al., (2005) no co-localisation was 
seen between endogenous occludin and Rab4/Rab11 recycling compartments 
(suggesting recycling does not occur via these compartments), instead co-
localisation was observed with Rab13 (required for TGN to recycling endosome 
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trafficking (Morimoto et al., 2005; Nokes et al., 2008).  The co-localisation of 
occludin with Rab13 might instead suggest a proportion of newly synthesised 
occludin is transported to recycling endosomes, a pathway observed in 
polarised MDCK cells (Figure 1.6) (Weisz & Rodriquez-Boulin, 2009).  Taken 
together, the data from Morimoto et al, (2005) may actually further support the 
hypothesis proposed in this chapter; that a large percentage of intracellular 
occludin undergoes lysosomal degradation rather than recycling in non-
stimulated epithelial cells in the MDCK cell model (Morimoto et al., 2005).  One 
way in which occludin degradation may be regulated is via ubiquitination 
(Murakami, Felinski, & Antonetti, 2009). 
Ubiquitination of proteins is a versatile mechanism through which addition a of 
single ubiquitin molecule (monoubiquitination) or whole chain of ubiquitin 
molecules (polyubiquitination) occurs via a covalent bond to a lysine residue 
and can signal for down regulation and lysosomal degradation of plasma 
membrane proteins (reviewed in Hicke, 1997).  Occludin has been 
demonstrated to undergo ubiquitination upon stimulation with VEGF (Murakami, 
Felinski, & Antonetti, 2009), furthermore this group identified interaction of 
occludin with trafficking proteins Eps15 and Hrs.  To further understand occludin 
trafficking, a quantitative SILAC proteomics study coupled to IP and high 
resolution mass spectrometry was utilised to identify candidate proteins which 
bind occludin directly or as part of a multi-protein complex to regulate trafficking 
such as that described by Murakami, Felinski, & Antonetti (2009).  
Unfortunately, no candidate trafficking proteins were identified, either under 
control conditions or during BafA treatment.  However, other interesting 
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molecules were found.  The cell-cell adhesion proteins desmoglein, 
desmoplakin II and junction plakoglobin 4 were identified within the screen.  
Desmogleins are transmembrane members of the cadherin family, whilst 
plakoglobin (armadillo family member) binds to the cytoplasmic domains of 
cadherins facilitating binding of desmoplakin, linking the desmosomal structures 
to the actin cytoskeleton (Green & Simpson, 2007).  The identification of the 
entire desmosomal complex associated with occludin may indicate that in 
confluent MDCK cells, a proportion of TJs may associate with desmosomal 
structures.  It has previously been identified that members of the desmosomal 
complex can also be localised to non-desmosomal junctions such as adherens 
and GAP junctions (Franke et al., 2006).  Another interesting protein identified 
was the HSPG cell basement membrane regulating protein.  HSPG has been 
implicated in effective wound healing in KO mice (Zhou et al., 2004), perhaps 
this interaction with occludin is required for regulation of migration during 
epithelial wound healing (Fletcher et al., 2012).  As few interesting candidate 
molecules were identified, the proteins were grouped into functional groups.  
Upon grouping, a large percentage of the proteins identified were localised to 
the nucleus.  The literature demonstrates no known localisation or function for 
occludin at the nucleus, however this particular batch of antibodies utilised for 
IP, were observed to localise to nuclear regions and TJs in 
immunocytochemistry experiments (Western blot analysis confirmed rabbit anti-
occludin binding occludin with a similar affinity to previous batches).  Therefore 
identification of nuclear proteins is probably due to non-specific binding of the 
anti-occludin antibody.  Another large functional group of proteins identified 
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within the screen were cytoskeletal proteins, this is unsurprising as occludin has 
been shown to be bound to the cytoskeleton.  Finally, many proteins involved in 
the screen were those required for protein biosynthesis suggesting occludin 
undergoes a high level of biosynthesis.  This finding is highly important, in 
sections 6.4 and 6.5 it is demonstrated a large majority of the plasma 
membrane pool of occludin is internalised rapidly and continuously then subject 
to lysosomal degradation. Obviously, to maintain occludin levels new occludin 
protein must be synthesised to compensate for the loss by degradation.  The 
presence of many proteins functioning in biosynthesis in the screen suggest this 
is a likely explanation.  However to confirm this hypothesis a cell-surface 
biotinylation assay was performed, enabling quantification of cell-surface levels 
of occludin in the presence of CHX to inhibit protein synthesis.  In comparison to 
control cells there was a significant reduction in whole cell lysate in cells 
incubated with CHX, this reduction in occludin levels was also observed at the 
plasma membrane.  These data support the hypothesis that occludin undergoes 
constant synthesis and trafficking to the plasma membrane to maintain occludin 
equilibrium.  Furthermore, to support this hypothesis a high level of co-
localisation was observed between markers of the biosynthetic pathway and 
endogenous occludin.  Therefore, taken together the results from this chapter 
demonstrate that under steady state non-stimulated conditions, occludin 
undergoes a continuous cycle of endocytosis and degradation which is matched 
by biosynthetic exocytic trafficking (Figure 6.13). 
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6.10 Key chapter findings 
 In a non-stimulated epithelial monolayer the majority of plasma 
membrane localised occludin undergoes rapid internalisation from the 
plasma membrane within 30 minutes and by 2 hours most internalised 
occludin has undergone lysosomal degradation. 
 Inhibition of lysosomal degradation leads to retention of internalised 
occludin within the cell, with cells demonstrating increased co-localisation 
with late endosome/lysosomal markers. 
 Occludin is a protein which undergoes constant biosynthesis.  A high 
level of co-localisation was observed between markers of the 
biosynthetic secretory pathway and endogenous intracellular occludin. 
Also inhibition of protein synthesis lead to a significant reduction in 
plasma membrane localised occludin.  
 
6.11 Conclusion 
 
The mechanistic analysis of occludin trafficking at steady-state is relevant for 
many reasons.  TJs are critical in the connections between cells and for the 
maintenance of apical basolateral polarity (Steed, Balda, & Matter, 2010; Yu & 
Turner, 2008).  Although several groups have investigated stimulated occludin 
trafficking, constitutive trafficking has not been as well studied  (Fletcher et al., 
2012; Ivanov, Nusrat & Parkos, 2004; Marchiando et al., 2010; Stamatovic et 
al., 2009; Xia et al.,  2009).  These results are important for two reasons: 
steady-state trafficking is the baseline upon which physiologically relevant 
alterations must be built.  Furthermore, occludin has already been shown to 
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function in a role beyond TJ formation (Du et al., 2010; Fletcher et al., 2012; Liu 
et al., 2010; Meredith et al., 2012).  Therefore, the analysis of the steady state 
trafficking of occludin represents a key step in understanding the role of this 
interesting and important protein in numerous physiological and pathological 
contexts.
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CHAPTER 7 
 
FINAL DISCUSSION AND FUTURE DIRECTIONS 
 
7.1 Final Discussion 
Epithelial cells are specialised cells forming barriers across which molecules are 
selectively transported.  They differ from other cell types as they are held 
together laterally by TJs which regulate epithelial polarity and restrict 
paracellular permeability.  Epithelial cells also have an important function in 
protection of underlying tissue from injury.  However, epithelial layers can be 
damaged by wounding and healing is required to prevent secondary infection, 
to maintain tissue integrity and prevent fibrosis of surrounding tissues. 
This PhD has examined both the role of vesicle trafficking and the extent to 
which vesicle trafficking is polarised during epithelial wound healing.  
Furthermore, endocytosis and trafficking of cell adhesion molecules was 
examined to further investigate mechanisms which may regulate collective cell 
migration.   
Evidence from many groups has suggested an important function for vesicle 
trafficking in regulation of cell migration (extensively reviewed in Fletcher & 
Rappoport, 2010; Fletcher & Rappoport, 2009).  Chapter 3 focused on the 
function of specific vesicle trafficking pathways during directed epithelial 
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migration.  Pharmacological inhibition and expression of dominant negative 
mutants were utilised to specifically inhibit trafficking pathways during MDCK 
wound healing.  The findings of chapter 3 demonstrate inhibition of dynamin-
dependent internalisation pathways, CME and caveolar endocytosis 
significantly reduced the rate of cell motility; however only CME inhibition 
affected the ability of cells to generate a migratory phenotype.  Inhibition of the 
Rab4- and Rab11-dependent recycling pathways both significantly decreased 
the rate of MDCK migration, however no effect on the ability of the cells to 
polarise was observed.  Interestingly, inhibition of post-Golgi biosynthetic 
secretory trafficking had no effect on either the rate of cell motility or cellular 
morphology as has been observed previously (Prigozhina & Waterman-Storer, 
2004).  These results indicate an important role for both endocytosis and 
recycling during epithelial cell migration.  The extent to which these pathways 
were polarised during wound healing was examined in chapter 4.   
Transient expression of fluorescent labelled markers of caveolar endocytosis, 
Rab11- and Rab25-mediated trafficking were imaged in the adherent plasma 
membrane by TIRF microscopy.  The results of this study demonstrate 
polarisation of caveolar endocytosis to the rear of migrating MDCK cells.  
Detailed fusion analysis also confirmed exocytosis of vesicles derived from the 
Rab11- and Rab25-dependent pathways were not polarised during collective 
epithelial cell motility.  Due to the importance of vesicle trafficking during 
epithelial wound healing and identification of polarised caveolar endocytosis 
and CME (Rappoport & Simon, 2003); the potential for these pathways in 
regulation of FA and TJ dynamics was examined.   
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Several groups have suggested an important function for trafficking of adhesion 
complexes in regulation of cell migration (Chao & Kunz, 2009; Du, et al., 2010; 
Ezratty et al., 2009).  Chapter 5 demonstrates dynamin-dependent, clathrin and 
caveolar endocytosis has little role in regulating FA turnover in motile epithelial 
cells.  Instead, this work implicates CME of the TJ protein occludin from the 
wound edge to Rab5 positive endosomal compartments as a mechanism for 
regulating epithelial wound healing.  This study also identified redistribution of 
occludin from the wound edge was required for effective epithelial cell 
migration.  Chapter 5 demonstrates wound healing is a novel mechanism 
through which occludin endocytosis from the wound edge regulates MDCK cell 
motility. 
However, little work has examined steady state occludin trafficking in non-
stimulated cells, therefore chapter 6 focused on base-line occludin trafficking in 
MDCK cell monolayers as well as identification of potential binding partners 
which may regulate occludin trafficking.  This chapter utilised Sulfo-NHS-SS-
Biotin-based recycling assays, immunocytochemistry and confocal imaging to 
demonstrate that under steady state conditions occludin is internalised 
continuously and rapidly from the plasma membrane and undergoes 
constitutive degradation.  This is coupled to continual occludin biosynthesis to 
maintain plasma membrane occludin levels. 
The findings from this thesis have a high level of physiological relevance.  
Failure of wounds to correctly heal can lead to the formation of fibrotic scar 
tissue.  This not only has cosmetic implications but can severely affect gas and 
solute exchange when fibrosis occurs in the lung and kidney.  Furthermore, 
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inability to correctly heal wounds can lead to an increased likelihood of 
secondary infection.  Moreover, occludin functions as a receptor for the 
Hepatitis C Virus (HCV), thus increased understanding of how occludin is 
trafficked may shed light on the mechanism of HCV infection.  Additionally, one 
of the functions of TJs is to maintain apical basolateral polarity, numerous 
human diseases such as cystic fibrosis, have been demonstrated to involve loss 
of epithelial polarity.  Therefore, further information regarding TJ regulation 
potentially via occludin trafficking is of clinical importance.  The findings of this 
study could potentially aid in development of therapeutic interventions in 
diseases which affect epithelial polarity and wound healing. 
To summarise, this thesis is the first work of its kind to examine various 
trafficking pathways in a single migratory model.  It is also the first time caveolar 
endocytosis has been demonstrated to be excluded from the lamellipodial 
regions of migrating MDCK cells.  Furthermore, it shows a novel function for 
occludin endocytosis from the wound edge as a mechanism through which 
directed cell migration is regulated.  This study is also the first to demonstrate 
that under non-stimulated conditions, occludin undergoes a cycle of 
internalisation, degradation and synthesis. 
 
7.2 Future Studies 
Occludin is a key regulator of epithelial function and wound healing, the 
trafficking of occludin has not been well characterised, either in the context of 
apical-basolateral polarity or during epithelial wound healing.  Prior to this thesis 
there was very little knowledge regarding the trafficking of occludin during 
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epithelial wound healing or under steady-state conditions.  Future studies would 
make use of well characterised cellular models and techniques to combine 
biochemical and cellular analyses with cutting edge quantitative imaging and 
development of previously used proteomics approaches.  This would enable 
identification of mechanisms which regulate generation, maintenance and repair 
of polarised epithelia.  Although this thesis has examined trafficking in non-
polarised but confluent MDCK cell monolayers, a future study would be to 
determine the specific biosynthetic, degradative and recycling pathways that 
regulate occludin localisation in cultured, fully polarised epithelial monolayers.  
MDCK cells are an excellent model for such studies as MDCK cells cultured on 
TransWell permeable supports facilitate epithelial polarisation.   
Furthermore, the role of occludin in generation of apical basolateral polarisation 
could potentially be investigated.  In work by Fletcher et al., (2012) it was 
demonstrated that over-expression of GFP-tagged occludin led to saturation of 
the mechanisms which regulate occludin internalisation from the wound edge, 
resulting in decreased wound healing (Fletcher et al., 2012).  Similarly, RNAi 
studies performed by Du et al., (2010) report effects on epithelial cell motility 
and reduced localisation of polarity proteins (e.g. the Par3-aPKC complex) at 
the leading edge (Du et al., 2010).  To further identify the function of occludin 
during apical basolateral polarisation, knock down and over expression studies 
could be performed to compare their effects on the ability of the MDCK cells to 
polarise.  The effects of occludin over-expression and silencing could be 
evaluated using previously published reagents (Fletcher et al., 2012; Liu et al., 
2010) and techniques to assess generation of apical-basolateral polarity in 
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epithelial monolayers such as trans-epithelial resistance measurements and 
imaging markers of apical basolateral polarisation.  This method would also 
allow performance of knock-down and rescue studies.  However, there is 
potential for GFP-occludin expression levels de-regulating occludin trafficking, 
thus the Tet-On regulated expression system would allow precise control of 
occludin levels. 
To further define the mechanisms involved in regulation of occludin trafficking, 
developments in SILAC, IP and mass spectrometry techniques need to be 
made.  A key factor in this development would involve screening several anti-
occludin antibodies to ensure they are localising correctly, suitable for IP and 
recognising canine occludin protein.  This should eradicate the large abundance 
of non-specifically binding nuclear proteins identified within the original screen.  
Furthermore, incubation with inhibitors of protein synthesis such as CHX would 
prevent co-immunoprecipitation of proteins involved in occludin biosynthesis.  
To further eradicate the presence of these proteins an antibody which binds to 
the N terminus of occludin could be used for IP.  During protein synthesis the C 
terminus is formed first and the N terminus last; by utilising an antibody against 
the N terminus, only fully formed proteins would be pulled down during IP.  
Additionally, to maintain protein-protein interactions cross linking of protein 
complexes could be performed (Woodcock et al., 2009).  These studies could 
be performed in fully polarised epithelial monolayers as well as during 
polarisation, to identify regulators of occludin trafficking throughout the stages of 
epithelial polarisation. 
- 224 - 
 
Alongside examination of steady state occludin trafficking, there is still the 
potential to investigate occludin trafficking during wound healing.  In chapter 5 
and Fletcher et al., (2012) it was shown that following monolayer wounding 
occludin undergoes rapid clathrin-mediated endocytosis from the wound edge 
into a Rab5 positive compartment (Fletcher et al., 2012).  Whilst in work by Du 
et al., (2010) it was demonstrated that six hours following wounding occludin 
can be seen at the very leading edge of the migrating front (Du et al., 2010).  
However, the mechanism by which occludin redistributes to this location and 
regulates the morphology of the migratory cells has not been determined.  Thus 
is could be suggested that either occludin is arriving at the leading edge through 
polarised endosomal recycling, or via biosynthetic secretory traffic specifically 
directed at the very front of the cell.  Importantly, evidence for the existence of 
polarised exocytic trafficking in migrating cells exists (reviewed fully in Fletcher 
& Rappoport, 2010), thus either of these hypotheses could be correct.  
Therefore, by further analyses of the mechanisms regulating occludin trafficking 
in migrating cells the origin of the leading edge localised occludin could be 
determined and its implication regarding cell polarity examined.  Furthermore, 
this system would also enable live-cell imaging of occludin trafficking to 
visualise the re-localisation of occludin following monolayer wounding, from the 
wound edge into the subsequent endosomal system, particularly if the Tet-On 
regulated expression system was utilised. 
The combination of proteomics, live cell imaging and biochemical techniques, 
would enable generation of an overall mechanistic understanding of the 
regulation of occludin trafficking during wound healing, initial polarisation and in 
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a polarised monolayer.  Moreover, there is definite potential to examine the role 
of occludin in both regulation of epithelial polarisation and wound healing in in 
vivo models.   
For example, methods already exist for the use of Zebrafish as a model for 
wound healing (Tawk, Joulie, & Vriz, 2000).  Therefore the role of occludin in 
wound healing in vivo could be examined using these previously validated 
systems.  This could be completed through analysis of the localisation of 
occludin following wounding, along with co-staining of compartment markers 
(e.g. Rab5), as well as the effects of endocytosis inhibitors (e.g. Dynasore) on 
redistribution of occludin from the wound edge.  Similarly it could also be 
determined if occludin is present at the leading edge of the migrating front 
during wound healing, and whether it also co-localises with polarity proteins.  
Furthermore, a screen for factors specifically altering the localisation of occludin 
during steady state and wound healing could be performed by utilising a series 
of morpholinos to inhibit pathways identified in this thesis such as clathrin and 
dynamin.  Transference of in vitro wound healing research into in vivo studies is 
integral for further understanding re-epithelialisation and also in development of 
pharmacological tools to aid in this process, making these in vivo studies 
invaluable.   
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APPENDIX II 
 
 
 
SUPPLEMENTARY METHODS 
 
 
1  Cell culture medium 
Dulbecco’s Modified Eagle Medium (DMEM) Lonza supplemented with 10% 
FBS and 1% Pen/Strep (all Lonza) was sterile filtered through a 500ml Corning 
0.1µM pore Vacuum Filter System (Corning) before use. 
 
2  Trypsin 
10X trypsin (Gibco) aliquoted, frozen then diluted to 1X trypsin in PBS.  
 
3  LB Broth 
20 g of LB Broth (Sigma) was dissolved in 1 L distilled H20 and autoclaved at 
121ºC for 20 minutes. 
 
4  Pouring LB agar plates 
35 g of LB Agar (Sigma) was dissolved in 1 L distilled H20 and autoclaved at 
121ºC for 20 minutes.  As the agar was cooling but before setting, kanamycin or 
ampicillin was added to a final concentration of 50 µg/ml or 100 µg/ml 
respectively.  In a laminar flow hood, 50ml of the LB agar antibiotic mix was 
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poured into 12cm plastic dishes.  The dish lids were removed whilst the plates 
were setting.  Plates were stored in sealed bag, upside down at 4ºC.  
 
5  Cell Imaging Media (CIM) 
1 pot of Hanks Balanced Salt (without phenol red and sodium bicarbonate) 
(Sigma) was added to 1L of distilled water.  2.38g HEPES (Fisher Scientific) 
was added to form a final concentration of 10mM.  The solution was set to pH 
7.4 with HCl (Fisher Scientific) was added until a pH of 7.4 was obtained using 
a Basic Denver Instrument pH meter (Denver Instrument).  The media was then 
sterile filtered through a 500ml Corning 0.1µM pore Vacuum Filter System.  5% 
FBS was added prior to use (0.5ml FBS to 9.5ml filtered solution).   
 
6  4% Paraformaldehyde 
10ml of 16% Paraformaldehyde (Electron Microscopy Sciences) was diluted to 
a 4% Paraformaldehyde solution in 30ml of PBS. 
 
7  Permeabilisation buffer  
An initial 10% Triton-X100 (Sigma) solution was made, adding 1ml of Triton-
X100 solution to 9ml of PBS and vortexed to mix thoroughly.  A final 0.1% 
Triton-X100 solution was made by adding 1ml 10% Triton-X100 to 99ml of PBS.  
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8  GS-BSA Block buffer 
A solution of 10% Normal goat serum (Gibco) and 5% BSA (Sigma) was made 
to a final volume of 20ml (18ml of PBS, 2ml Goat serum and 0.5g BSA). 
 
9 Acrylamide gel solutions 
 
Table S.M.1. Acrylamide gel solutions.  
 4% 10% 12.5% 15% 
Distilled H2O 30ml 20ml 16.1ml 11.75ml 
Tris-HCl* 12.5ml 12.5ml 12.5ml 12.5ml 
Bis 
Acrylamide 
(Protogel) 
6.7ml 16.5ml 20.8ml 25ml 
10% SDS 0.5ml 0.5ml 0.5ml 0.5ml 
APS 500µl 500µl 500µl 500µl 
TEMED 75µl 75µl 75µl 75µl 
 
 
Makes 50ml of gel solution (volumes scaled depending upon requirement). 
* Tris for stacking gel 0.5M pH6.8. 
  Tris for resolving gel 1.5M pH8.8. 
 
0.5M pH6.8 Tris-HCl: 60.57g Tris (Fisher Scientific) dissolved in 1L distilled 
H2O.  
1.5M pH8.8 Tris-HCl: 181.71g Tris (Fisher Scientific) dissolved in 1L distilled 
H2O. (5M HCl used to obtain correct pH using a Basic Denver Instrument pH 
meter (Denver Instrument). 
10% Ammonium Persulphate (APS):  1g APS dissolved in 10ml distilled H2O 
frozen in 1ml aliquots. 
10% Sodium Dodecyl Sulphate (SDS):  10g SDS dissolved in 100ml distilled 
H2O. 
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10  Running buffer 
1X running buffer was made by diluting 100ml of 10X Running buffer in 900ml 
distilled H2O. 
10X Running buffer: 144g Glycine (Fisher Scientific), 30g Tris, 4g SDS made 
up to 1L in distilled H2O.  
 
11  Transfer buffer 
1X running buffer was made by diluting 100ml of 10X Transfer buffer in 700ml 
distilled H2O and 200ml methanol. 
10X Transfer buffer: 144g Glycine (Fisher Scientific), 30g Tris, made up to 1L 
in distilled H2O.  
 
12  TBST 
1X TBST buffer was made by diluting 100ml of 10X TBS with 900ml distilled 
H2O plus 1ml Tween20 (Sigma).  To pipette Tween20 use a P1000 pipette tip 
with the tip end cut off, remove remnants of Tween20 from the tip by ejecting 
the tip into the solution after Tween20 addition and mix for 10 minutes (the tip 
was removed after mixing).  
10X TBS:  200ml 1M Tris-HCl pH 7.5, 300ml 5M NaCl made up to 1L with 
500ml distilled H2O.  
1M pH7.5 Tris-HCl: 121.14g Tris (Fisher Scientific) dissolved in 1L distilled 
H2O, 5M HCl used to obtain correct pH. 
5M NaCl: 292.2g NaCl (Fisher Scientific) dissolved in 1L distilled H2O. 
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13  TBST-Marvil blocking buffer 
A 5% skimmed milk solution (Marvil) was dissolved in TBST (S.M.14) - 10g 
Marvil skimmed milk powder was dissolved in 200ml TBST. 
 
14  1% Triton-X100 
1ml of 10% Triton-X100 (prepared as S8) in 9ml PBS. One Complete mini-
cocktail protease inhibitor tablet (Roche) was added. 
 
15  3X Sample buffer  
18.8ml of 1M Tris pH 6.8 (Fisher Scientific) (as described in S.M.12), 6g Sodium 
dodecyl sulphate (SDS) (Sigma), 15ml Beta mercaptoethanol (Sigma) and 30ml 
Glycerol was made up to 100ml with distilled H2O.  A small spatula of 
bromophenol blue was added and sample buffer mixed thoroughly.   
 
16  0.2M sodium borate pH 9.0 
38.137g of Sodium teraborate decahydrate (Sigma) was dissolved in 500ml of 
distilled H2O.  5M HCl was used to obtain pH 9.0 using a Basic Denver 
Instrument pH meter (Denver Instrument).   
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17  0.2M Ethanolamine pH 8.0 
6.108g of Ethanolamine liquid (Sigma) was diluted in 500ml distilled H2O.  5M 
HCl was used to obtain pH 8.0 measured with a Basic Denver Instrument pH 
meter (Denver Instrument). 
 
18  0.1M Glycine pH 3.0 
3.75g of Glycine (Fisher Scientific) was dissolved in 500ml distilled H2O.  5M 
HCl was used to obtain pH 3.0 measured with a Basic Denver Instrument pH 
meter (Denver Instrument).  0.1M glycine pH3.0 was autoclaved at 123ºC for 20 
minutes prior to use. 
 
19  0.5% NP40 lysis buffer 
A 10% NP40 (Sigma) solution was made adding 1ml NP40 to 9ml PBS.  0.5ml 
10% NP40 solution was diluted to a 0.5% NP40 solution in 9.5ml PBS.  1x 
EDTA-free Protease Inhibitor Cocktail tablet and 1x PhosSTOP Phoshotase 
Inhibitor Cocktail tablet was added to 10ml of 0.5% NP40 lysis buffer and 
vortexed thoroughly. 
 
20  1X NuPAGE Bis-Tris running buffer 
1X NuPAGE Bis-Tris running buffer was prepared by dilution of 20ml of 20X 
NuPAGE Bis-Tris running buffer (Invitrogen), with 380ml of ultrapure H2O. 
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21  100mM Ammonium bicarbonate solution  
0.362g Ammonium Bicarbonate was added to 40ml MilliQ water and vortexed.   
 
22  10mM DTT solution 
0.00771g DTT was dissolved in 5ml of 100mM Ammonium Bicarbonate solution 
(S.M.21) and vortexed.  
 
23  50mM 2-Iodoacetamide solution 
0.0462g 2-Iodoacetamide was dissolved in 5ml of 100mM Ammonium 
Bicarbonate solution (S.M. 21), vortexed, wrapped in foil and kept in the dark 
until use.  
 
24  Trypsin  
To 46µl of trypsin (Progold), 360µl of Ammonium Bicarbonate solution (S.M. 21) 
and 400µl MillQ water were mixed. 
 
25  Extraction Solution A 
53µl Formic Acid (Fisher Scientific) was added to 100µl Acetonitrile and made 
up to 5ml with MilliQ water. 
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26  Extraction Solution B 
53µl Formic Acid (Fisher Scientific) was added to 2ml Acetonitrile and made up 
to 5ml with MilliQ water. 
 
27  Resuspension Solution  
53µl Formic Acid (Fisher Scientific) was added to 250µl Acetonitrile and made 
up to 5ml with MilliQ water. 
 
28  Biotinylation wash buffer  
50ml of 1M Tris pH7.5 (made as described in S.M. 12), 32ml of 3.2M NaCl, 
made up to 1 L with distilled H2O.  Once the solution was cooled, it was set to 
pH to 8.6 using 10M NaOH using a Basic Denver Instrument pH meter (Denver 
Instrument). 
3.2M NaOH: 187g NaCl (Fisher Scientific) dissolved in 1L distilled H2O. 
 
29  Biotinylation reducing buffer  
40ml of pH 8.6 biotinylation wash buffer (S.M.28) was added to 60µM NaOH 
and 600mg MesNa (Sigma).  The solution was made shortly before use. 
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30  Table of Antibodies 
Table S.M.2. Primary Antibodies 
 
Antibody Dilution Procedure Company Catalogue # 
rabbit anti-
occludin 
1:250 IC Invitrogen 71-1500 
rabbit anti-
ZO1 
1:250 IC Invitrogen 61-7300 
rabbit anti-
occludin 
1:500 WB Invitrogen 71-1500 
mouse anti 
FAK (pY397) 
1:100 IC 
BD Transduction 
Labs 
611807 
mouse anti-
occludin  
1:500 IC Invitrogen 33-1500 
mouse anti-
ZO1 
1:500 WB Invitrogen 33-9100 
 
Table S.M.3. Secondary Antibodies 
 
Antibody Dilution Procedure Company Catalogue # 
donkey anti-
rabbit-Alexa 
Fluor 568 
1:200 IC Invitrogen A10042 
goat anti-
rabbit -Alexa 
Fluor 568 
1:200 IC Invitrogen A11008 
donkey anti-
mouse –
Alexa Fluor 
568 
1:200/ 
1:100 
IC Invitrogen A10037 
goat anti-
mouse –
Alexa Fluor 
488 
1:200/ 
1:100 
IC Invitrogen A11001 
goat anti-
rabbit IgG 
horseradish 
peroxidase 
1:10000 WB Thermo Fisher 
Scientific 
31460 
sheep anti 
mouse IgG 
Horseradish 
peroxidase 
1:5000 WB GE Healthcare RPN4201 
 
  
